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SUMMARY 


The objectives of this program were to obtain additional knowledge 
regarding the parameters that affect the performance of conventional 
labyrinth seal configurations and to optimize the performance of an 
advanced labyrinth seal. 

Rig testing was conducted to determine labyrinth air seal static and 
dynamic leakage performance for solid-smooth, abradable, and honeycomb 
lands using a conventional four knife straight-through seal and an 
advanced seal design. The effects of land surface roughness, abradable 
land porosity, rub grooves, honeycomb cell size and depth, and rotation 
on seal performance were determined using the conventional 
straight-through seal. The effects of rotation on optimum seal knife 
pitch were also investigated. Selected geometric and aerodynamic 
parameters for an advanced seal design were evaluated to derive an 
optimized performance configuration. 

Seal rotational energy requirements were also measured to determine the 
inherent friction and pumping energy absorbed by the various seal knife 
and land configurations tested in order to properly assess the net seal 
system performance level. 

The major results obtained in this program include the following: 

o An advanced labyrinth seal design was developed that reduced leakage 
26.9% compared to a conventional stepped seal. 



CONVENTIONAL STEPPED advanced design 

LABYRINTH SEAL iabyrinth seal 


o Using a honeycomb land with the advanced seal increased leakage 68.6% 
compared to the solid-smooth land. 
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j Honeycomb lands were found to reduce leakage up 
to 24% for conventional straight-through 
labyrinth seals. 

o Medium surface roughness was found to reduce 
straight-through seal leakage approximately 23% 
relative to a smooth land at .013 cm (.005 in.) 
clearance and 5.0% at .051 cm (.020 in.) 
clearance. Greater roughness increased leakage. 

o Some abradable lands were found to leak 
substantially more than a solid-smooth land. 

o Grooving a porous abradable seal land 
significantly reduced leakage through the 
material. 

o Rotation reduced straight-through seal leakage up to 10% for smooth 
and abradable lands, but it had negligible effect with the honeycomb 
land. 

o Rotation decreased the advanced seal leakage approximately 6% for the 
solid-smooth and abradable lands. However, the honeycomb land 
experienced a 6.4% leakage increase with rotation compared to the 
static performance. 

o The rotational power absorption for solid-smooth, abradable, and 
honeycomb lands using a conventional four knife straight-through seal 
showed small differences. The honeycomb land had the maximum value 
which was 5.7% higher than the power absorption level or the smooth 
land. 

o The advanced seal rotational power absorption for the solid-smooth 
land is approximately the same as the four knife straight-through 
seal. 

o Rotational effects do not influence the selection of the seal knife 
optimum pitch for a straight-through seal. 



CONVENTIONAL 
STRAIGHT-THROUGH 
LABYRINTH SEAL 
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INTRODUCTION 


Technological advancements to achieve higher thermal and propulsive 
efficiencies for current and advanced aircraft gas turbine engines have 
been characterized by significant increases in the operating cycle 
pressure ratio and turbine inlet temperature. These trends typically 
c ise internal air seal leakage to increase. A higher operating 
temperature causes greater differential growth, frequently resulting in 
larger seal clearances. A higher cycle pressure ratio tends to increase 
seal leakage, even at the same seal clearance level. This flow increase 
can be predicted from the compressible flow relationship, 

P (J A 

W = /y <J> . 

/T U 

As engine pressure ratio increases, pressure (py) increases more 
rapidly than temperature (Ty). The airflow parameter ( <t> ) increases 
or remains constant if the seal is choked. Therefore, seal leakage 
increases on an approximately proportional basis with increases in seal 
inlet pressure. Applying this relationship to a labyrinth seal in a gas 
turbine, assuming constant engine airflow, as compressor pres, ire ratio 
is increased, the seal leakage increases as presented in Figure 1 . 

Incorporating a variable cycle engine approach to future designs ma.' 
also increase seal leakage. Normally, seal clearances are set to run as 
tight as possible at the engine maximum time operating point. The 
resulting clearances at other conditions are accepted since they usually 
represent a small percentage of the operating time. However, the 
variable cycle engine, through differential growth of hardware caused by 
temperature and material differences, will cause the average seal 
clearance to be greater and thus, increase leakage. 

Compensating for the current state of sealing technology by attempting 
to Improve aerodynamic component efficiencies has normally resulted in 
limited payoffs relative to time, cost, and effort expended. For an 
advanced high bypass ratio gas turbine engine, Figure 2 shows examples 
of the improvements in compressor and turbine component efficiencies 
required to achieve the same increase in engine performance as a 
reduction in turbine seal component leakage of IX of the engine 
airflow. A reduction in the compressor rotor exit seal leakage 
amounting 10 IX of engine airflow would produce the same results as a 
compressor efficiency increase of 0.91X. 

The benefits of Improved sealing effectiveness are equally significant 
for fuel conservation oriented engines. Figure 2 Illustrates the 
percent change in engine specific fuel consumption for a IX (of gas 
generator inlet flow) reduction in seal leakage. 
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There are also development cost savings. The cost trade-off for 
improving seal performance compared to improving the compressor or 
turbine component aerodynamic efficiency is of significant 
consideration. Extracting the same performance improvement with 
compressor or turbine efficiency improvements, as compared to seal 
leakage improvements, is several times more expensive. Typical examples 
of these cost trade-offs are shown in Figure 3. 

The foregoing trends and payoffs have, therefore, added increased 
emphasis to the immediate need for accelerated development and continued 
improvement of gas turbine sealing technology in order to reduce costly 
seal leakage to a minimum. This development will also provide better 
and more reliable control over sophisticated cooling circuits and 
prevent high seal leakage flows from entering critical locations in the 
turbine gas path which can result in considerable penalty from thermal 
and momentum losses. 

The objectives of improved gas turbine performance and fuel savings can 
be achieved by reducing the leakage in current seals with design 
modifications and by developing high efficiency labyrinth seal 
concepts. However, there are technology voids in the design, analysis, 
and "in service" performance of labyrinth seals that required detailed 
investigation and understanding. This information is required to 
provide direction for design improvements. Detroit Diesel Allison 
(DDA) has been investigating various aspects of labyrinth seal 
performance under in-house funding and through two contracts with the 
Naval Air Propulsion Test Center. Through the results of these studies, 
design concepts have been tested that significantly reduce seal leakage 
as compared to a conventional seal. The program that is the subject of 
this report is an extension and expansion of experimental work 
accomplished at DDA over the past several years. 

A diagram illustrating the efforts of this program is presented in 
Figure 4. The program was divided Into two basic technical tasks. The 

work involved in Task I Included experimentally determining labyrinth 
seal performance for a conventional four knife straight-through seal 
using abradable and honeycomb lands. Task II was directed toward 
optimizing an advanced labyrinth seal design and exploring the effect of 
non-constant geometry to reduce leakage In an advanced seal. 

In Task I, four commercially available abradable land materials and 
three honeycomb cell size lands were evaluated for aerodynamic 
performance on the 2D test rig. The effects of surface roughness on 
solid lands, porosity leakage on the abradable lands, and cell depth on 
the honeycomb lands were also determined using the 2D rig. One of the 
porous material abradable lands was grooved to simulate a rub condition 
and retested to determine the effect on leakage. All 2D rig testing In 
this task was accomplished at three clearance levels: 0.013 cm (.005 
in.), 0.025 cm (.010 in.), and 0.051 cm (.020 in.). 
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Based on the results of the 2D rig tests, selected abradable and 
honeycomb lands were fabricated and tested in the 3D rig up to 239 m/s 
(785 ft/sec) to investigate the effect of rotation on seal leakage and 
to determine the rotational power absorption differences of 
solid-smooth, abradable, and honeycomb lands. The rotational power 
difference combined with seal leakage difference gave the net seal 
system performance change. 

The abradable land for the 3D rig was grooved 102° to simulate a light 
rub. Then the rub grooves were extended to 360° and retested. Tests 
were conducted statically and dynamically with the rotor knives forward, 
over, and behind the grooves to determine the leakage performance. 

Also, in Task I, the effect of rotation on the optimum design pitch of a 
straight-through seal was investigated with solid-smooth, abradable, and 
honeycomb lands. Three values of pitch were tested: .203 cm (0.080 
in.), .279 cm (0.110 in.), and .356 cm (0.140 in.). Radial clearances 
of 0.025 cm (0.010 in.) and 0.051 cm (0.020 in.) were used. Testing was 
done statically and at three levels of rotational velocity: 80 m/s (261 
ft/sec), 159 m/s (523 ft/sec), and 239 n./s (785 ft/sec). 

In Task II, the major geometric seal parameters (knife pitch, knife 
height, knife angle, and step height) were explored to optimize an 
advanced seal design in terms of minimum leakage. Also, the use of 
non-constant knife pitch was investigated as a technique to maximize the 
internal seal cavity turbulence between knives. The optimization of 
individual knife discharge coefficients will result in minimum seal 
leakage. The 2D air seal test rig was employed as an expedient and 
economical means of conducting the advanced seal design optimization 
work and non-constant pitch studies. The optimum advanced seal 
configuration identified by the 2D rig tests was fabricated for the 3D 
rig and tested statically and up to 239 m/s (785 ft/sec) rotational 
velocity. The advanced seal configuration was tested with solid-smooth, 
abradable, and honeycomb lands at 0.051 cm (0.020 in.) radial 
clearance. Rotational power absorption was also measured for the 
advanced seal 3D rig tests. 
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TEST RIGS AND PROCEDURES 


Two complementary test rigs were used for this program. A 
"two-dimensional" (2D), static rig was used to investigate the primary 
effects of land material. The Influence of geometric variations on the 
leakage performance of an advanced seal was also surveyed, optimized, 
and mapped with the 2D rig in preparation for the design and fabrication 
of an optimum advanced seal for dynamic testing. A "three-dimensional" 
(3D), dynamic rig was used to obtain the effects of annular geometry and 
rotation on the seal leakage and power absorption. An abradable land 
material and a honeycomb land material were compared to a solid-smooth 
land using straight seals and an optimized advanced seal. 

2D Rig 

The terminology, "two-dimensional” static test rig, is based on the seal 
models which are installed in the rectangular test section. These 
models do not simulate the effects of seal curvature or rotation and 
involve small end-wall effects. However, the high aspect ratio test 
section, 16.0 cm (6.28 in.) wide, minimizes these end effects. 

Building block, adjustable seal hardware is used to obtain versatility 
and multiple use of components. Individually adjustable knife and land 
sections can produce continuous changes in the primary geometric 
variables of straight, stepped, and advanced seals in a cost effective 
manner. The features Incorporated in the rig design. Figure 5, allow 
one set of knife hardware (knife angle) to cover the conventional range 
of variation In: 

o knife clearance 
o knife pitch 
o knife height 
o number of knives 
o step height 

o dlstance-to-contact (axial clearance) 

The maximum seal length test envelope of 5.1 cm (2.0 in.) will allow a 
considerable number of straight seal knives (depending on pitch) and up 
to four stepped seal knives to be tested over a complete range of 
clearance encountered in small and large high temperature aircraft 
engines. 

Figure 6 shows a close-up view of the two-dimensional test section with 
the four knife stepped seal Installed. Each knife and each land are an 
individual horizontal piece and can be adjusted In an axial direction 
relative to adjacent pieces to make arbitrary changes In the pitch. 

Step height can be varied by inserting shims (not shown) between 
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adjacent knife and land sections. The knife-to-land axial seal 
clearance can be easily changed with the adjustment screw as shown in 
Figure 6. Vertical clearances between the corresponding lands and 
knives can be varied by clearance shims as noted. Changes in knife 
height are accomplished by filling the knife cavities with low 
temperature pattern wax. The number of knives can be changed by 
removing corresponding knife and land sections. For vertical knife 
seals, the flow direction through the seal can be changed by reversing 
the knife and land foundations. Changes in knife angle and land contour 
do require different hardware. 

Figure 7 shows a close-up view of a two-dimensional four knife straight 
seal installed in the test section. The straight seal assembly is 
similar to, but simpler than, that for the stepped seal since one land 
section is required. Spacers between knives, with specific height and 
thickness dimensions, are used to adjust knife pitch and height in the 
straight seal. 

The 2D rig installation permits aerodynamic evaluation of seal 
performance to a seal inlet pressure of eight atmospheres at room 
ambient temperature. Alternately, clear arcrylic side plates will allow 
flow visualization testing to a seal inlet pressure of 2.5 
atmospheres. The rig normally discharges outside the test cell through 
a 14.6 cm (5.76 in.) 1.0. pipe which creates less than 0.5 cm (0.2 in.) 
Hg pressure loss. 

The plane walls forming the square test section of the 2D rig experience 
small structural Reflections which can result in clearance changes under 
high air pressure loading. A micrometer dial gauge (see Figure 8) with 
.00005 cm (.00002 in.) readability is mounted on the top plate to 
monitor the relative movement of the seal knife hardware, which is 
indicated by the vertical travel of the follower pin. 

The 2D rig allowed the extensive survey of seal geometry and material 
effects on performance to be accomplished expeditiously at minimal costs 
in hardware fabrication, manpower, and schedule. 

30 Rig 

The terminology, "three-dimensional" dynamic test rig, is based on the 
circular geometry of the seal models. The test seals typically have a 
maximum diameter of 15.24 cm (6.00 In.) and can be run at rotational 
speeds to 30,000 rpm for the simulation of actual engine applications. 
The 3D rig rotor is driven by an impulse turbine with speed control that 
is independent of the seal inlet pressure. Therefore, static 
performance (at 0 rpm) and the influence of knife tip speeds up to 239 
m/s (785 ft/sec) can be evaluated over a range of seal pressure ratio 
from 1.0 to approximately 0.51/ / CL, cm, (or 0.32/ / CL, In.). Figure 
9 shows the 3D rig installed in the test cell. The rig lubrication 
system is prominent on the shelf beneath the test section and drive 
turbine section. 
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The seal knife geometry is normally tested on the rotor which is a 
single combination of knife angle, number of knives, pitch, and knife 
height for a given flow direction and step height in the case of stepped 
seals. The matching stator is designed for a single clearance and can 
be reversed for the large-to-smal 1 diameter (LTSD) and the 
small -to- large diameter (STLD) flow direction testing in the case of 
stepped seals. The distance-to-contact (OTC) for stepped seals or knife 
position over the land, as in the case of rub groove testing on straight 
seals, can be varied by inserting shims behind the stator. Additional 
use of the seal rotors has been achieved by removing some of the knives 
to obtain data for shorter seals. 

Instrumentation 

Comparable air temperature and static pressure instrumentation were used 
to determine the seal leakage performance in both the 2D static rig and 
the 3D dynamic rig. The 3D rig employed additional temperature and 
static pressure instrumentation to define the turbine power produced 
during dynamic operation. Dynamic testing also required some 
electronics to record rotor speed and to monitor two-degrees-of-freedom 
vibration levels at the seal test and turbine drive sections. 

2D Rig Instrumentation . The instrumentation locations for the 2D rig 
are shown schematically in Figure 10. Airflow through the seal model 
was determined with a standard ASME square edge orifice, 0.760 cm (0.299 
in.) diameter, installed in a 4.925 cm (’.939 in.) I.D. flow tube with 
static pipe taps. This flow tube was utilized for all 2D rig tests 
except the porosity leakage evaluation of the porous abradable lands. 

During the porosity testing of the abradable land materials, the leakage 
was exhausted to laboratory ambient through a 5.0 cm (2.0 in.) I.D. flow 
tube with a 1.270 cm (0.500 in.) diameter flow measurement orifice. 

This test section exit instrumentation permitted accurate measurement of 
the very low airflows which were throttled through the porous materials. 

Static pressures upstream and downstream of the airflow orifice and at 
the seal inlet plenum were normally measured on 0 to 950 cm (0 to 375 
in.) HgA Heise absolute pressure gauges. Meriam 0 to 200 cm (0 to 80 
in.) water manometers were used to measure p$ou and psoo during the 
porosity tests. 

The seal downstream plenum static pressure was measured on a Meriam -25 
to 175 cm (-10 to 70 in.) mercury manometer during all 2D rig tests. 

Air temperatures upstream of the airflow measuring orifice and upstreim 
of the seal model were measured with shielded iron-constantan (I.C.) 
thermocouples. The temperatures were displayed in degrees Fahrenheit on 
a direct reading Brown potentiometer scale. 
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3D Ri g Instrumentation. The instrumentation locations for the 3D riq 
a’-e shown schematically in Figure 11. The a ! rflow conditions required 
to define the seal leakage performance is the 3D rig are the same as 
those required In the 2D rig. 

The same 4.925 cm (1.939 In.) I.D. flow tube i th pipe taps delivers air 
fro*i toe high pressure source to the Inlet df fuser of the 3D rig. 

Howev r, a standard ASME square edge or<f .*>-■, 1.270 cm (0.500 In.) 
dlamelr", was Installed in the flow tut.. ’ i acconmodate the increased 
seal airflow rate. The 3D rig will pav 5 >*ee times the airflow rate of 
comparahie 2D rig seal configuratici, 


3D seal cii -cumf / 1 
2FTeal lien-. 


' . . 6.Qtt 

6.28 


s 


3.002. 


Additional data for the airflow conditions in the turbine section of the 
3D rig were necessary to define the power delivered to the rotor during 
dynamic testing. The turbine airflow was measured In the supply line 
using a standard ASME flow tube with a thin plate, square edge orifice, 
which was calibrated against a secondary standard. 


Several operating parameters were monitored to ensure proper and safe 
dynamic testing In the 3D rig: 


o rotor thrust balance cavity static pressure 
o lubrication system supply pressure 
o four temperatures within the lubrication system, 

1) pump discharge 

2) bearing sump 

3) rig discharge 

4) reservoir 


The rotor thrust balance cavity pressure was measured on a 0 to 305 cm 
(0 to 120 In.) HgA Heise pressure gauge and manually recorded. 

All of the seal and turbine performance data taken during 3D rig testing 
was displayed and recorded by an automatic data acquisition system which 
was Installed at the beginning of the 3D dynamic air seal rig test phase 
to accommodate the Increased data sampling requirements and to reduce 
data handling during processing. This system, shown on Figure 12, 
consists of commercially available components and was assembled as a 
self-contained integrated unit by DDA's Electronics and Test Equipment 
Department. 

The system, as shown schematically In Figure 13, consists of a data 
Input sequencer which selects a predetermined number of Scanlvalve 
channels for pressure sampling. The 24 channel Scanlvalve unit 
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accommodated the four seal pressures and the six turbine pressures 
utilized to calculate s<*-il leakage and power absorption, respectively. 
The pressure was sensed by 0 to 689 kPa 6 (0 to 100 pslg) Oruck strain 
gauge transducer with +.15X accuracy (full range). At each Scanlvalve 
channel setting a Fluke Model 2200A data logger-multiplexer processed 
the analog output from the transducer and four Iron-constantan (I.C.) 
thermocouples, which measured seal and turbine air temperatures. In 
addition, the data logger also recorded binary coded data (BCD) Input at 
each channel setting from a Fluke 1900A digital counter that was 
utilized to monitor turbine rotational speed. The processed digital 
output was printed on paper tape by the data logger and, also, fed to a 
Facit 4070 paper tape perforator which was programmed for ASCI II punch 
coding. The total data sampling and recording time for one seal 
operating condition was approximately 25 seconds. 

O ita Reduction and Calculation Methods 

The leakage performance of a labyrinth seal correlates on the airflow 
parameter. 


Y - , 

P„ A 

as a function of the seal pressure ratio, pu/PD» 1° the absence of 
Reynolds number or heat transfer effects. When the discharge pressure 
is approximately constant, the test Reynolds number Is invariant at a 
given pressure ratio for the ambient temperature air source. The heat 
transfer influences are also minimized by the ambient temperature test 
fluid. 


2D Rig Data Reduction . The 2D rig Instrumentation was manually read and 
recorded on data sheets. The data were transposed from the sheets to 
computer cards and submitted as Input to a program In an IBM 370-158 
digital computer. 

For each test condition, the 2D rig seal performance program converts 
the instrunentatlon readings to the desired units and computes seal 
airflow rate from the orifice tube calibration curves. The seal airflow 
Is then expressed as an airflow parameter for each knife, based on the 
average operating knife clearance. The average clearance area of all 
the seal knives Is used to determine the overall airflow parameter at 
tne seal pressure ratio, py/PD* These clearance values are 
corrected from the build-up measurements for the rig case deflection. 

Examples of the computer program output datr* for the 2D rig performance 
can be found in Appendix F. The primary variables (w/Tu/puA versus 
PU/PD) are automatically plotted by a Calcomp machine plotter from 
the overall airflow parameter and pressure ratio data. These plots can 
be found in Appendix A. 


12 



3D Rig Data Reduction . The punched paper tape generated by the 
automatic data acquisition system was read by a Modcomp minicomputer and 
the data then submitted to a permanent magnetic disc file for reduction 
by the IBM 370 computer system. The seal leakage performance is reduced 
by the same procedure employed for the 2D rig data. 

Dynamic conditions at 10,000, 20,000, and 30,000 rpm were recorded in 
addition to the static performance. The 3D rig program calculates the 
rotor growth based on the dynamic conditions to determine the rotational 
seal clearance. 

A sample calculation from the 3D rig data reduction program is presented 
in Appendix F. The Calcomp plotter automatically graphs the overall 
airflow parameter (ordinate) against the seal pressure ratio (abcissa) 
for lines of constant actual rotor speed (including static). These 
plots can be found in Appendix B. 

3D Rig Power Absorption Analysis 

The rotational power requirements for the 3D seal test configurations 
were evaluated at the same rotational speed and seal pressure ratio by 
measuring the rig drive turbine inlet and exit conditions. 

The air impulse drive turbine on the DDA dynamic seal rig was utilized 
as the power sensitive device since, as the power requirements of 
various seals change, the energy levels into the drive turbine change in 
order to maintain the same rotational speed. Changes in turbine 
performance (efficiency) relative to turbine loading (or speed) were 
then used to calculate the turbine power output for various seal 
configurations. 

The DDA dynamic seal rig turbine performance was determined by utilizing 
a discrete mapping procedure due to the impulse design of the turbine 
blading. In the case of a pure impulse turbine, the torque coefficient, 
as a function of blade-jet speed ratio (U/C*), is linear. Therefore the 
torque at stall (speed 3 0) and the maximum blade-jet speed ratio at 
free running speed (torque = 0) were measured to determine the end 
points of the torque characteristic. Figure 14(a) illustrates the 
torque characteristic of the drive turbine and indicates the stall and 
ultimate speed conditions measured. The stall torque coefficient and 
ultimate speed ratio are notably low, based on state-of-the-art design. 
This is due to the low cost, simple blading of the drive turbine and the 
inherent power requirements of the integral balance seal, bearings, and 
drive shaft system attached to the turbine. 

The turbine efficiency was then calculated as a function of blade-jet 
speed ratio (U/C*) knowing the torque coefficient (t) where efficiency 
is nr * 4 t U/C*. 

Figure 14(b) illustrates the resulting efficiency characteristic 
calculated. A relatively low efficiency level is noted which, again, is 
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due to the blading and turbine shaft system. This low efficiency level, 
however, made the turbine more sensitive to small power requirement 
changes, thus making it a good differential power measurement system. 

To determine the relative seal energy requirement for a given seal, the 
rotational speed and seal pressure ratio were maintained constant while 
the turbine inlet temperature, pressure, flow rate, and turbine exit 
pressure were monitored. From these quantities, the jet speed (spouting 
velocity) was calculated. Knowing the turbine speed, the blade-jet 
speed ratio was then computed and the turbine efficiency determined from 
Figure 14(b). The resulting horsepower was then calculated based on the 
expression: 



This calculated horsepower value represents the total pumping and 
windage losses of the seal rotor, including the sides of the rotor. 
However, since all the rotors tested had essentially the same side wall 
geometry, the difference in power requirements could be attributed to 
the knife and land interface alone. 

Initial 3D rig testing with the four knife straight seal rotor disclosed 
significant scatter in the measured seal rotor power absorption data 
when plotted versus seal pressure ratio. The thrust balancing of the 
seal rotor -turbine drive system was suspected as the influencing factor 
for this data scatter. The normal thrust balance procedure, to maintain 
a constant axial bearing load, was to change the thrust balance piston 
supply pressure as a function of the seal upstream pressure (py) 
only. However, after several tests it was noted that the seal 
donwstream pressure was varying considerably, depending upon the 
clearance and type of land tested. This was due to the range of seal 
leakage exiting through the rig exhaust system, which created a 
significant variation in seal downstream back pressure, thus influencing 
the thrust bearing load. 

To determine if the turbine aerodynamics could detect these suspected 
changes in bearing load, a test was performed in which the thrust 
balance pressure was varied to purposely change the thrust load. Figure 
15 illustrates the effect of varying the bearing load for a given seal 
configuration from 670 N (150 lb#) to 1550 N (348 Ibf) at 20,000 rpm 
and at a seal pressure ratio of i.7. As noted, a .142 kw (.19 hp) 
change was indicated over the thrust load range tested, thus 
substantiating that the power absorption technique, utilizing the 
turbine as a measurement device, could in fact differentiate relatively 
small changes in power absorption. 

As a result of this sensitivity, all subsequent 3D test calibration 
points were made with a constant 670 N (150 lbf) bearing load where 
possible. This was accomplished by monitoring the seal downstream 
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pressure and including its effect in determining the required thrust 
balance piston pressure to maintain constant bearing load. 

The results of the seal power evaluations and comparisons are described 
in the section on "Rotational Power Absorption". 

Description of Test Condi t ions 

Test conditions for the 2D rig and 3D rig were selected to provide a 
good distribution for data plotting within the pressure range of the 
facility. Pressures were the only conditions arbitrarily controlled. 
Air supply temperatures varied only +4 C (7°F) from a nominal 23 C 
(730F). 

2D Static Rig . The operational simplicity and low data sampling 
requirements of the 2D rig permitted the recording of fifteen seal 
pressure ratio conditions for each test configuration. Test conditions 
at seal inlet pressures up to a maximum of eight atmospheres were 
recorded for some seal configurations. The following table lists the 
standard seal inlet pressures set in increasing order during a typical 
2D rig test. 


TABLE 1. Typical 2D Rig Test Conditions 


Sequence 

Number 

PU/PD 

(Approximate) 

PU - Seal 
cm Hg A 

Upstream Pressure 
in. Hg A 

1 

1.12 

* • 

33. 

2 

1.22 

91. 

36. 

3 

1.42 

1C7. 

42. 

4 

1.63 

122. 

48. 

5 

1.83 

137. 

54. 

6 

2.03 

152. 

60. 

7 

2.44 

183. 

72. 

8 

2.85 

213. 

84. 

9 

3.25 

244. 

96. 

10 

3.66 

274. 

108. 

11 

4.27 

320. 

126. 

12 

4.88 

366. 

144. 

13 

5.49 

411. 

162. 

14 

6.10 

457. 

180. 

15 

6.78 

508. 

200. 


3D Dynamic Rig . Static testing on the 3D rig was similar to that on the 2D 
rig. However, the higher airflow rates and more restricted seal discharge 
area limited the pressure ratio range to about one-third that of the 2D rig. 
The following table lists the standard seal inlet pressures set In Increasing 
order during a typical 3D rig test. 
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TABLE 2. Typical 3D Rig Test Conditions 


Sequence PU/PD PU - Seal Upstream Pressure 


Number 

(Approximate) 

cm Hg G 

in. Hg G 

1 

1.12 

9.4 

3.7 

2 

1.21 

17.0 

6.7 

3 

1.40 

32.3 

12.7 

4 

1.58 

47.5 

18.7 

5 

1.76 

62.7 

24.7 

6 

1.94 

78.0 

30.7 

7 

2.28 

108. 

42.7 

8 

2.61 

139. 

54.7 

9 

2.93 

169. 

66.7 

10 

3.24 

200. 

78.7 


Each 3D rig test was initiated by taking a static (zero rotor rpm) 
leakage flow calibration. The static calibration was followed by 
rotational calibrations at seal rotor speeds of 10,000, 20,000, and 
30,000 rpm. At each point, a full scan of the automatic data 
acquisition system was recorded on punch paper tape printout. During 
the dynamic testing, thrust balance air was supplied at the pressure 
required by seal inlet pressure and seal discharge pressure to maintain 
a constant 670 N (150 lbf) aft load on the rotor thrust bearing. 
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FIGURE 5. TWO-DIMENSIONAL LABYRINTH SEAL AIR TEST RIG INSTALLATION 




FIGURE 6. TWO-DIMENSIONAL LABYRINTH SEAL RIG WITH STEPPED SEAL INSTALLED 






FIGURE 9. DYNAMIC LABYRINTH SEAL AIR TEST RIG INSTALLATION 
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TEST RESULTS AND DISCUSSION 


The aerodynamic performance of conventional and aovanced labyrinth seals 
was Investigated during the course of this program. These Investigations 
were conducted for conventional straight-through seals using solid- 
smooth, abradable, and honeycomb lands. Evaluation tests were conducted 
in the two-dimensional (2D) ar.d the rotating three-dimensional (3D) air 
seal test rigs.* An advanced labyrinth seal was also developed using 
these rigs. The previously unexplored subject of the inherent friction 
and pumping energy absorbed by a rotating seal was investigated during 
the 3D rig testing. 

The information presented in this section has been divided into the 
following subsections: 

o Aerodynamic Test Results for Straight-Through Labyrinth Seals 
o Aerodynamic Test Results for an Advanced Labyrinth Seal 
o Rotational Power Absorption 

Aerodynamic Test Results for Straight-Through Labyrinth Seals 

The 2D air seal test rig (shown in Figure 5) was used extensively to 
evaluate the effect that abradable and honeycomb lands have on straight- 
through labyrinth seal leakage. The four knife conventional straight- 
through seal used for this series of 2D rig tests is shown in Figure 16. 

A solid-smooth land was tested in conjunction with the abradable and 
honeycomb lands to provide a baseline for comparison. A photograph of 
the solid-smooth land, the four abradable lands, and the three honeycomb 
lands tested is presented in Figure 17. 

A porous abradable material land and a .159 cm (.062 in.) cell honeycomb 
land were tested in the 3D dynamic air seal test rig (shown in Figure 9) 
to determine the effect of rotational geometry and dynamic operation on 
seal leakage. The four knife straight-through seal used for this eval- 
uation is similar to the 2D rig seal tested. A solid-smooth land was 
also evaluated statically and dynamically In the 3D rig for comparison. 
Two additional rotors with knife pitches of .203 cm (.080 in.) and .356 
ci (.140 in.) were also run to permit the determination of the effects of 
rotation and land material on the selection of optimum knife pitch. 

A convenient m*ans of relating the leakage performance of special land 
materials to solid-smooth land performance, and an approach that will be 


*An evaluation of the correlation of seal performance measured In the 2D 
rig with that obtained from the 3D rig is made In Appendix D. 
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used throughout this report, is to compare the flow parameter values, $ , 
at a constant pressure ratio for the various lands tested.* 

Several of the seal land configurations were tested at pressure ratios 
approaching 8:1 in the 2D riq to determine the choked seal flow char- 
acteristics. A typical example of these tests is presented in Figure 
A-6, Appendix A, for the four knife straight-through seal using the 
nickel-graphite land. These tests verify that the flow parameter, <p , 
approaches a zero slope at the critical pressure ratio and remains 
approximately constant in the choked flow regime. 

Abradable Lands Ev aluation . The four abradable lands tested include two 
non-porous materials, nickel-graphite and aluminum-polyester with a 
material thickness of .076 cm (.030 in.), and two commercially available 
porous abradable materials, "Abradable A" and "Abradable B" with a mater- 
ial thickness of .229 cm (.090 in.),** The seal flow parameter char- 
acteristics derived from the aerodynamic test performance uata are pre- 
sented In Figures 18, 19 and 20 for .013 cm {.005 in.), .025 cm (.010 
in.), and .051 cm (.020 in.) clearances, respectively. The baseline 
solid-smooth land flow parameter has also been included on these figures 
for comparison purposes. The abradable lands with porous materials "A" 
and "B" indicated leakage levels approximately 13* higher than the sttooth 
solid land at .051 cm (.020 in.) clearance. At the two lower clearances 
investigated, however, the porous abradable lands showed substantially 
higher leakage levels. This is attributed to the Increasing ratio of 
porosity flow (leakage through the material) relative to the leakage 
across the knife gap at the lower clearances. 

Table 3 presents a comparison of the seal flow parameter values for the 
solid-smooth and abradable lands at a 2.0 and a 3.0 seal pressure ratio 
f* r the clearances tested. The percent variation In leakage from the 
solid-smooth land has also been calcu^ted from the flow parameters. 

These results show that the porcus land materials, “Abradable A M and 
"Abradable 8", produced 10* to 60* increase In leakage at a 2.0 pressure 
ratio compared to the solid-smooth land. The nickel-graphite and 
aluminum-polyester lands gave a -8* to +7* leakage change froT the solid- 
smooth land at 2.0 pressure ratio. Figure 21, which graphically presents 
the Table 3 results, clearly shows the higher leakage characteristic for 
the porous material abradable lands, particularly at small clearance 
levels. The apparent leakage through the porous abradable lands "A" and 
"B" diminishes as a percent of the total flow as clearance is Increased. 


♦The complex interactions of seal geometry and clearance with the up- 
stream fluid conditions ana pressure ratio limits the discussion of 
absolute seal leakage in terms of massflow to specific flow conditions. 
For generality, comparisons of "seal leakage" in this report will imply 
the relationships among flow parameters, <t> . 

**The commercial names and manufeturers of the "Abradable A" and "Abr ad- 
able B" materials can be obtained from the NASA Project Manager. 
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leakage than the smooth land, respectively. The nickel-graphite land had 
a rougher surface finish, 9 ym (350 yin.), than the solid-smooth land, 

0.8 ym (30 y in.). These results prompted an investigation to deter- 
mine the individual effects that surface roughness and porosity had on 
the leakage performance of the seal. 

The individual seal flow parameter curves for the smooth and abradable 
land tests in the 2D seal test rig are included in Appendix A. 

Surfa c e Roughness Effect on a Solid Land . A solid land -nth a 
medium rougn surface 8.3 ym (325 yin.) and a solid land with a rough 
surface, 22.9 ym (900 yin.), were tested with the four knife straight- 
through seal at .013 cm (.005 in.), .025 cm (.010 in.), and .051 cm (.020 
in.) clearances. The surface roughness flow parameters are presented in 
Figures 22, 23, and 24 for the three clearances tested. The solid-smooth 
land flow characteristics have also been included in these figures. A 
similar set of tests was performed using a single straightthrough knife. 
These results are presented in Figures 25, 26, and 27. A summary of the 
leakage results at a 2.0 and a 3.0 seal pressure ratio is presented in 
Table 4 for the four knife straight-through seal and in Table 5 for the 
single knife straight-through seal. The percent change in leakage per- 
formance from the smooth land to the medium rough surface and the rough 
surface lands is plotted in Figures 28 and 29 for the four knife and 
single knife configurations, respectively. Over the range of clearances 
tested, a medium rough land reduced the leakage of the four knife seal by 
as much as 28%. The relative reduction in leakage was greatest at .013 cm 
(.005 in.) clearance and least at .051 cm (.020 in.) clearance. The 
rough land actually increased leakage compared with the leakage for the 
smooth land at the clearances tested. The single knife performance 
results show that leakage was the same or higher than that for a smooth 
land. 

The leakage reduction achieved with the medium rough land is believed to 
be the result of increased friction losses and higher surface turbulence 
which tends to disrupt the flow field through the seal. The increased 
level of leakage experienced with the rough land appears to be caused by 
a larger equivalent clearance. The seal clearance was measured from the 
knife tip to the maximum height of the roughness elements on the land 
surface. The bigger roughness elements may produce a larger path for 
leakage between the clearance reference surface and the solid sub- 
surface. The benefit gained from increased friction and turbulence might 
be more than offset by the increased leakage area for the rough land con- 
figuration. The little change found in the single knife seal leakage for 
the medium rouqh land points out the significant contribution of the 
boundary layer and the seal intercavity turbulence in reducing leakage 
through multi-knife seals. 
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Combined Porosity and Surface Roughness Effects on the Abradable 
Lands" the porosity leakage tests were conducted using abradable mater- 
ials "A" and "B". These tests were accomplished by clamping a rubber 
gasket, that duplicated the length of the four knife test seal, onto the 
surface of the abradable material. A sketch of the arrangement is pres- 
ented in Figure 30. This approach was intended to be a rapid, first- 
order evaluation of the leakage rate through the abradable land material, 
however, this technique gave excellent results as evidenced in the fol- 
lowing discussion. 

Experimental results for solid lands with surface roughnesses similar to 
the "Abradable A" land and the "Abradable "B" land were combined with the 
porosity test results and compared to the measured performance of these 
porous abradable lands. The flow data are presented in the form 
wr'T.j/pu which makes the parameter a function of clearance area. 

This approach was required to circumvent flow parameter, <j> , indeter- 
minancy since the clearance area was zero for the porosity tests. Table 
6 presents the individual porosity (1) and surface roughness (2) leakage 
characteristics for the "Abradable A" land. The sum of these two leakage 
components (3) is compared to the actual "Abradable A" land results (4) 
at seal pressure ratios of 2.0 and 3.0. The sum of the individual 
components. investigated is generally within 5% of the "Abradable A" land 
results (see line 5). In one case only, the deviation reaches 8%. This 
level of agreement is significantly better than anticipated for a first- 
order evaluation. Figure 31 quantifies the fraction of the total four 
knife straight seal leakage represented by the porosity flow through an 
"Abradable A" land. Although the actual porosity flow does not appear to 
be a strong function of clearance, it does decrease steeply as a percent 
of the total leakage flow as clearance increases. 

The "Abradable B" porosity and surface roughness components are 
summarized in Table 7. The analysis of the porosity and roughness com- 
ponents is similar to that for "Abradable A" in Table 6. The results for 
"Abradable B" show more deviation between the sum of the individual 
leakage components and the measured land performance than they did for 
the "Abradable A" land. The leakage component sum (3) was consistently 
greater than the measured land leakage (4). A possible explanation for 
this characteristic may be found in terms of the effective surface rough- 
ness present in the "Abradable B" land test. The porosity leakage, which 
is re-entering the mainstream path along the length of the seal, is ef- 
fectively filling some portion of the roughness voids. This flow deflec- 
tion action would have the effect of reducing the open area between sur- 
face roughness elements and subsequently reducing the associated surface 
roughnc ' leakage. A plot of the porosity flow component relative to the 
total seal leakage is presented in Figure 32. 

Since the porosity leakage fraction is approximately the same for the two 
abradables, It can be concluded that the "Abradable B" land leakage would 
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be reduced to the level of the "Abradable A" land if the surface rough- 
nesses were the same. The results of these surface roughness tests 
reveal why the "Abradable B" land leaks more than the "Abradable A" land 
when the other seal parameters are equal. 

Rotational Effect on the Abradable Land . An "AbradabTe A" material 
land was selected for testing with the straight-through seal rotor of 
Figure 33 (b) to determine the effects of rotation on leakage per- 
formance. A solid-smooth land was used as a performance baseline. Both 
configurations were tested at two radial clearance values, .025 cm (.010 
in.) and .051 cm (.020 in.). 

The static and dynamic aerodynamic test results from the 3D rig for the 
solid-smooth land are presented in Figures B-3 and B-4, Appendix B, for 
.025 cm (.010 in.) and .051 cm (.020 in.) radial clearances., respec- 
tively. Similar curves are presented in Figures B-9 and B-10 for the 
"Abradable A" material land. 

Table 8 summarizes the solid-smooth and abradable land leakage per- 
formance at a 2.0 seal pressure ratio for the static and dynamic tests. 
The effects of rotation on the "Abradable A" land are very similar to the 
solid-smooth land results. At the maximum rotational speed test 
condition, 239 m/s (785 ft/sec), the leakage of both lands was reduced 
about 10% compared to the static leakage. 

The 3D rig static test results showed approximately equal seal leakage 
for the solid-smooth land and "Abradable A" land. Comparison with the 2D 
rig tests shows the "Abradable A" land leaking 10% more than the solid- 
smooth land, suggesting a possible difference in "Abradable A" land 
porosity between the 2D and 3D rig tests. Also, the surface of the 
"Abradable A" land for the 3D rig, 4 pm (160 pin.), was somewhat 
smoother than the land for the 2D rig, 9 pm (350 pin.). The 2D rig 
investigations of surface roughness showed that a 9 pm (350 pin.) sur- 
face roughness would reduce leakage compared to a smooth surface. Speci- 
fic leakage performance information for a surface roughness of 4 pm 
(160 pin.) is not available, but, based on the 2D rig surface roughness 
test results, it is expected to give less leakage than a smooth land. 
Since the 3D rig "Abradable A" land leakage was comparable to the solid- 
smooth land, it appears that the surface roughness may have offset an 
already low porosity leakage. 

The smooth and abradable land flow parameter curves for the 3D rig tests 
are included in Appendix B. 
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FIGURE 16. CONVENTIONAL STRAIGHT-THROUGH SEAL USED 
IN SEAL LAND PERFORMANCE EVALUATION 
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FIGURE 17. TWO-DIMENSIONAL TEST RIG STRAIGHT SEAL LANDS 
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FIGURE 19. 20 RIG FOUR KNIFE STRAIGHT SEALS WITH SMOOTH AND ABRADABLE LANDS 
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FIGURE 29. EFFECT OF SURFACE ROUGHNESS ON SEAL LEAKAGE COMPARED 
TO A SMOOTH LAND SINGLE KNIFE STRAIGHT SEAL 
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FIGURE 30. SKETCH OF POROSITY LEAKAGE TEST METHOD FOR FOUR KNIFE STRAIGHT-THROUGH SEAL 










FIGURE 33. SKETCHES OF FOUR KNIFE ROTORS USED TO 
EVALUATE THE EFFECT OF ROTATION 
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TABLE 3. COMPARISON Of SMOOTH AND ABRADABLE LANDS 

PERFORMANCE AT VARIOUS OPERATING CONDITIONS 


Seal configuration: 


Four vertical knives, 

pitch » .279 cm (.110 i. J 

knife height ■ .279 cm (.110 in) 

knife edge thickness * .025 ^ .038 cm (.010 'v .015 inj 


NOTE: ♦ indicates leakage greater than smooth land at comparable clearance 

- indicates leakage less than smooth land at comparable clearance 


LAND 

TYPE 

CL, 

CLEARANCE 

P U /p D 

PRESSURE 

RATIO 

FLOW PARAMETER 

*♦/♦ 

FROM 

SMOOTH 

LAND 

% 

P U/ 

PRES 

RA 

P D 

SURE 

♦ . -- 
FLOW PARAMETER 

Aj. * 

FROM 

SMOOTH 

LAND 

1 

kg-K 1 * 

lb 

m 


lb * R* 5 
m 

lbf sec 

lb f sec 

cm 

in. 


TIO 

N-s 

SOLID-SMOOTH 

.013 

.005 

2 

0 

.0277 

.365 


3 

.0 

.0279 

.368 



.025 

.010 



.0272 

.358 




.0279 

.368 



.051 

.020 



.0277 

.365 




.0285 

.375 


"ABRADABLE A" 

.013 

.005 



.0353 

.465 

♦ 27.4 



.0384 

.505 

♦ 37.4 


.025 

.010 



.0299 

.393 

♦ 9.8 



.0325 

.428 

♦ 16.5 


.051 

.020 



.0305 

.401 

+ 9.9 



.0323 

.425 

♦ 13.3 

"ABRADABLE B" 

.013 

.005 



.0445 

.585 

♦ 60.3 



.0484 

.637 

♦ 73. J 


.025 

.010 



.0344 

.452 

+ 26.3 



.0367 

.483 

♦ 31.4 


.051 

.020 



.0312 

.411 

+ 12.6 



.0331 

.435 

♦ 16-0 

Ni Graphite 

.013 

.005 



.0268 

.352 

- 3.6 



. 0274 

.361 

- 1.8 


.025 

.010 



.0251 

.330 

- 7.8 



.0264 

.348 

- 5.4 


.051 

.020 



.0284 

.374 

+ 2.3 



.0295 

.388 

♦ 3.3 

Ai 

.013 

.005 



.0277 

.365 

0.0 



.0285 

.375 

♦ 2.0 

Polyester 

.025 

.010 



.0271 

.356 

- 0.6 



.0284 

.374 

+ 1.8 


.051 

.020 


1 

.0298 

.392 

♦ 7.4 



.0308 

.405 

♦ 8.0 


TABLE 4. EFFECT OF LAND ROUGHNESS ON FOUR KNIFE 

STRAIGHT-THROUGH LABYRINTH SEAL PERFORMANCE 


LAND 

ROUGHNESS 

CL, 

CT.FARANfE 

P U /P D 

PRESSURE 

RATIO 

♦ # 

FLOW PARAMETER 

*♦/♦ 

FROM 

SMOOTH 

LAND 

% 

Pu'Pd 

PRESSURE 

RATIO 

4 

FLOW PAR 

Imeter 

A*/* 

FROM 

SMOOTH 

LAND 

% 

kg • K** 

ib •R* 
m 

kq-K** 

lb *R** 
in 

cm 

“T ST" 

-ms- 

Ib f sec 

-rs- 

lbf sec 

Smooth 

.013 

.005 

2. 

0 

.0277 

. 365 


3 

.0 

.0280 

.368 


(Basaline) 

.025 

.010 



.0272 

.358 




.0280 

.368 


0.8 um 

.051 

.020 



.0277 

.365 




.0285 

.375 


(30 pin.) 













RMS 













Medium Rough 

.013 

.005 



.0214 

.281 

-23.0 



.0243 

.320 

13.0 

6-10 um 

.025 

.010 



.0244 

.321 

-10.3 



.0258 

.339 

- 7.9 

(250-400 Min. ) 

.051 

.020 



.0263 

.346 

- 5.2 



.0270 

.355 

- 5.3 

RMS 













Rough 

.013 

.005 



.0353 

.464 

♦ 27.1 



.0369 

.485 

♦ 31.8 

18-28 um 

.025 

.010 



.0290 

.381 

♦ 6.4 



.0306 

.403 

♦ 9.5 

(700-1100 uin.) 

.051 

.020 



.0279 

.367 

♦ 0.5 



.0293 

.386 

♦ 2.9 

RMS 
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TABLE 5. 


EFFECT OF LAND ROUGHNESS ON SINGLE KNIFE 
STRAIGHT-THROUGH LABYRINTH SEAL PERFORMANCE 


LAND 

ROUGHNESS 

CL, 

CLEARANCE 

— 

p u /p d 

PRESSURE 

RATIO 

4>, 

FLOW PARAMETFR 

FROM 

SMOOTH 

LAND 

% 

P U /P D 

PRESSURE 

RATIO 

'1 1 

FLOW PARAMETER 

** < »'/ 4 

FROM 

SMOOTH 

LAND 

V 

kgV* 

lb 0 R* 5 
m 

kg ♦ K** 
N-s 

lb °R S 
m 

lb f sec 

] bj; sec 

cm 

i n . 

N-s 

| 

Smooth 

. 03 3 

.005 

2. 

0 

.0323 

.425 


3 

. 0 

.0327 

.4 30 


(Basel me ) 

.025 

.010 



.0325 

.427 




. 034 1 

. 448 


0.8 urn 

. 051 

. 020 



. 0315 

.415 




. 0337 

.444 


(30 u m . > 













RMS 

j 













1 Mod i urn Rough 

.013 

. 005 



.0367 

. 483 

+ 13.6 



. 0 3 7 2 

.490 

♦ 1 4 . e 

(6-10 pm 

.025 

.010 



.0319 

.420 

- 1.6 



. 0328 

.431 

- 3.8 

(250-400 pin. ) 

. 051 

. 020 



.0314 

.413 

- 0.5 



. 0338 

.445 

♦ 0.2 

RMS 













Roug h 

.013 

. 005 



. 0414 

. 545 

+ 28 . ? 



.0422 

.5 55 

+ 29. I 

18-28 um 

. 025 

.010 



. 0364 

.479 

+ 12.2 



.0376 

.495 

+ 10.5 

(700-1100 Min. ) 

. 051 

. 020 



. 0325 

. 427 

♦ 2.9 



. 0345 

.454 

+ 2.3 

RMS 




, 










TABLE 6. "ABRADABLE A** POROSITY AND SURFACE ROUGHNESS RESULTS 


( 1 ) 


CL, CLEARANCE 
PRESSURE RATIO' 


.013 cm { .005 in. ) 

* "5 ."0 J7ET 


.025 cm (.010 in.) 

"T75 nr 


.051 cm (.02 0 m.) 

'TTfi T 5 


;-A, Porosity 


.000226 .000306 

(.00460) (.00625) 


.000226 
( -00460) 


.000306 
( .00625) 


.000226 
» .00460) 


. 000306 
( .00625) 


(2) ;A, Surface 

Roughness 


.000432 
( .00882) 


.000493 
( .01005) 


.000989 
( .02016) 


(3) | A , Porosity + 

Surface 
Roughness 


.000658 
( .01342) 


.000799 

(.01630) 


.001214 

(.02476) 


(4) 4A, Measured .000716 

"Abradable A" (.0146) 
Land 


(5) 


•HA 

} A' 


From the 
Measured 
Land 


* 



e. 1% 


Flow Factor 


.000780 .00121 

(.0159) (.0247) 


+ 2.5% +0.2% 


kg-KS lb m °Ri 2 | 
s~kP a sec psia J 


.001044 

(.02129) 

.001350 

(.02754) 


.00132 
( .0269) 


'2.4% 


.0021 31 
( .04 34b) 

. 002 357 
(.04806) 


.00247 
( .0504) 


-4.6V 


. 002186 
( .04459) 

. 002493 
{ .05084) 


. 00262 
l . 0534) 


* 4 . 8 i 


( 1 ) 

( 2 ) 

(3) 

(4) 

(5) 


4>A measured on "Abradable A" land at CL = 0.0 

4>A measured with artificially rough, solid land, 

Sum of the individual flow factors for porosity 
♦A (l) + «A (2) . 

Flow factor, M, measured for the "Abradable A" 


A(f>A 

"7a 


* A 0) ~ ( 4 ) 


4>A 


( 4 ) 


9 pm (3 r i0u in.) RMS. 

leakage and surface toughness 

land. 


leakage , 
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TABLE 7. ’‘ABRADABLE B" POROSITY AND SURFACE ROUGHNESS RESULTS 


CL, CLEARANCE 

.01** cm( 

COS in.) 

.025 cm ( 

010 in.) 

.051 cm( 

020 in.) 

PRESSURE RATIO 

?.o 

3.0 

2.0 

3.0 

2.0 

3.0 

(1) $A, Porosity 

.000356 
( .00725) 

.000434 

(.00886) 

.000356 

(.00725) 

.000434 
( .00886) 

.000356 
( .00725) 

.000434 

(.00886) 

(2) <J>A , Surface 

Roughness 

.000714 
( .01457) 

.000747 

(.01523) 

.001173 
( .02393) 

.001241 

(.02531) 

.002261 
( .04610) 

.002377 
( .04848) 

(3) { .orosity + 

Surface 
Roughnes 

.001070 
( .02182) 

.001181 

(.02409) 

.001529 

(.03118) 

.001676 

(.03417) 

.002616 
( .05335) 

.002812 
( .05734) 

(4) 4-A , Measured 

"Abradable B” 
Land 

.000901 
( .01837) 

.000981 

(.02000) 

.001392 
( .02839) 

.001487 
( .03033) 

.002531 
( .05162) 

.002679 
( .05464) 

(5) From the 

^ Measured , 

Land 

418 . 8 % 

+20.5% 

+9.8% 

+12.7% 

+ 3.4% 

+ 4.9% 


w/T kg-KS [lbrn 0 RS 

* A = Mow Factor f ^ c-p i la 


(1) 

4>A measured 

(2) 

$A measured 

H) 

Sum of the 


* A (1) + * A <: 

(4) 

Flow factor 

(5) 

U * A = 4A (J) 
4A $A 


0.0 


(900p in.) RMS. 

and surface roughness leakage. 


Flow factor, <$A, measured for the "Abradable B" land. 
“ *A, 


'(4) 


(4) 


TABLE 8. EFFECT OF ROTATION ON THE PERFORMANCE OF FOUR KNIFE STRAIGNT SEALS 
AT A PRESSURE RATIO - 2.0 WITH A SMOOTH LAND AND AN ABRADABLE LAND. 


LAND 

KP, 

Knife Pitch 

CL, 

Clearance 

Flow Parameter 

A4/4 % 

From Static Pertomanoe 
At Knife Tip Speed 

cm 

in. 

an 

in. 

kg-K S 
N* m 

lb « *** 
-TbfUSS 

Static 
Knife Tip 

V*80 m/B 
(261 ft/aec) 

V»159 nv's 
(523 ft/aec) 

V-239 m/s 
(785 ft/aec) 

SOLID-SMOOTH 

.279 

.110 

.025 

.010 

.0266 

.350 

-2.6 

-6.0 

-8.9 




.051 

.020 

.0283 

.372 

+1.3 

-1.9 

-6.7 

"ABRADABLE A M 

.279 

.no 

.025 

.010 

.0275 

.362 

-1.6 

-5.5 

-9.9 




.051 

.020 

.0280 

.368 

-0.8 

-4.6 

-10.3 
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P.ub Grooved Abradable Land Evaluation . At the completion of the 2D rig 
abradable land testing, the “Abradable A" porous material land was 
grooved to simulate an "In service" interference rub from the four knife 
straight-through seal. The grooves were cut .025 cm (.010 In.) deep and 
.051 cm (.020 in.) wide. A sketch, illustrating the grooving procedure 
is presented in Figure 34, and a photograph of the grooved land is pre- 
sented in Figure 35. The baseline four knife straight-through seal, 
pitch = .279 cm (.110 in.), was used for testing the grooved land. The 
test evaluation was conducted for clearances of .013 cm (.005 In.), 

.025 cm (.020 in.), and .051 cm (.020 in.) with the axial position of the 
seal knife relative to the groove at: 

(1) .025 cm (.010 in.) and .013 cm (.005 in.) forward of the groove, 

( 2 ) over the groove, 

(3) .013 (.005 in.) and .025 cm (.010 In.) aft of the groove, 

(4) midway between grooves at .140 cm (.055 in.). 

The results from the 2D rig grooved abradable land leakage tests are pre- 
sented in Figures 36, 37, and 38 for the clearances tested. The non- 
grooved land and the solid-smooth land performance has been Included for 
comparison. 

The test data indicate that grooving the abradable land significantly 
reduces the leakage flow. The leakage at .025 cm (.010 in.) and .051 cm 
(.020 in.) clearances was reduced to, or slightly below, the levels of 
the solid-smooth land. This result Implies that the grooves act to block 
the leakage through the material. The increased leakage caused by the 
material porosity that Is associated with many abradables may be avoided 
by properly grooving the land surface. 

Tables 9, 10, and 11 compare the solid-smooth, non-grooved abradable, 
and grooved abradable lands performance quantitatively. The tabulated 
results show that the grooved "Abradable A" land leakage Is frequently 
reduced to less than the solid-smooth land, especially when the knife is 
operating axially displaced from the groove. It appears that the rough- 
ness of this land could have contributed about 1 % reduction In leakage 
based on surface roughness tests with smooth to rough land counterparts. 

The "Abradable A" material was also evaluated at .025 cm (.010 In.) 
clearance In a 30 rig land for the static and dynamic effects of Inter- 
ference rub grooving. The land was initially grooved 102° circumfer- 
entially to simulate a partial Interference rub. This land was tested In 
the 3D seal test rig using the baseline four knife straight-through seal 
rotor, pitch * .279 cm (.110 In.), w,th the seal knives located at: 
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* 


(1) .025 cm (.010 in.) aft of the grooves, 

(2) over the grooves, 

(3) .025 cm (.010 in.) ahead of the grooves. 

The partial grooves were then extended around the full 360° circumfer- 
ence, and the land was retested as described for the 102° grooving. 
Photographs of the 102° grooves and the 360° grooves are presented in 
Figures 39, 40, and 41. The grooves were cut into the 30 rig abradable 
land with a rotating single-knife cutting wheel in a manner similar to 
that used on the 20 land. To ensure accurate spacing of the rub grooves 
in the land relative to the rotor knives, the knife spacing on the test 
rotor was measured on a 10X size digital output shadowgraph which gave 
measurements within + .00064 cm ( + .00025 in.). 

Table 12 summarizes the grooved abradable land leakage performance at a 
pressure ratio of 2.0 for the 102° and 360° rub grooves. The rub 
groove leakage performance change from the non grooved land performance 
is also included. A plot illustrating the grooved land performance 
change from the non-grooved land is shown in Figure 42. The 102° rub 
grooves caused the leakage to increase slightly when the knives were 
located .025 cm (.010 in.) aft of the grooves. The leakage then de- 
creased as the knives were moved over the rub grooves and, finally, ahead 
of the grooves. The minimum leakage, at static and dynamic rotor condi- 
tions, was produced with the knives ahead of the groove. The 360° rub 
grooved land performance indicates little change in leakage (statically 
and dynamically) for the knives located aft of the grooves. Leakage was 
reduced to a minimum (-7X) with the knives located over the grooves and 
increased slightly for the seal knives located forward of the grooves. 

The performance variation with axial position of the seal knives Is 
similar to the 2D rig results, except for the knives located aft of the 
grooves. 

One possible cause for the relatively higher leakage with the knives aft 
of the grooves is the increased potential for porosity leakage through 
the backface of the land (see Figures 39 and 41) as the flowpath through 
the abradable material is shortened. This leakage path can be eliminated 
by providing a solid wall enclosing the backface of the abradable land. 
The hardware design for the 2D rig used this approach. Test data from 
the 2D rig showed that grooving reduced leakage and that leakage was in- 
sensitive to the axial position of the knife when it was out of the 
groove. 

The grooved abradable land individual flow parameter curves for the 2D 
and 3D rig tests are Included in Appendix C. 
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FIGURE 34. 2D RIG ABRADABLE LAND GROOVING PROCEDURE 



FIGURE 35. "ABRADABLE A" LAND WITH SIMULATED RUB GROOVES 
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FIGURE 36. EFFECT OF KNIFE AXIAL POSITION WITH RESPECT TO RUB GROOVES 

IN A 2D TEST RIG "ABRADABL- A" LAND AT A CLEARANCE = .013 cm (.005 in.) 
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FIGURE 37. EFFECT OF KNIFE AXIAL POSITION WITH RESPECT TO RUB GROOVES 

IN A 2D TEST RIG "ABRADABLE A" LAND AT A CLEARANCE = .025 cm (.010 in.) 
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FIGURE 38. EFFECT OF KNIFE AXIAL POSITION WITH RESPECT TO kUB GROOVES 

IN A 2D TEST RIG "ABRADABLE A" LAND AT A CLEARANCE = .05’ cm (.020 in.) 
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FIGURE 41. "ABRADABLE A" LAND WITH SIMULATED 
FOUR KNIFE ROTOR RUB GROOVES 

Grooves Cover 360 * of Seal Periphery 
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FIGURE 42. EFFECT OF RUB GROOVING ON THE LEAKAGE OF A FOUR 
KNIFE STRAIGHT SEAL WITH AN "ABRADABLE A" LAND 
AT A CLEARANCE OF .025 cm(.010 in.) 


PRESSURE RATIO = 2.0 



(-. 010 ) 

KNIFE TO GROOVE AXIAL LOCATION, cm 

(In.) 


.025 

(.0101 



TABLE n. 


COMPARISON Ot SOLlD-SMlX>TH, NON-UROOVEP ABRADABLE, AND GROOVED ABRADABLE 
l.AND PERFORMANCE AT OM CM < nos IN \ CLEARANCE tN THE 2D TEST RTC 


LAND 

TYPE 

KNIFE -TO- 
GROOVE 
AXIAL 
POSITION* 
cm (in.) 



PRESSURE 

RATIO 

.. ... 

$ , 

FLOW 

PARAMETER 
Ha-AS |lb m * \ 
N • n llbf seel 

FROM A 
SOLID- 
SMOOTH 
LAND 
l 

Sot id-Smooth 



2 

0 

.0277 

(.365) 





3 

0 

.0279 

( . 368) 


Non -Grooved 



2 

0 

.0353 

(.465) 

♦ 27.4 

"Abradable A* 



3 

0 

.0384 

(.505) 

♦ 37.4 

Gi ooved 

-.025 

(-.010) 

2 

0 

. 0*44 

( . 321) 

- 12.1 

"Abradable A" 

-.013 

(-.005) 



.0267 

(.351) 

- 3.8 


o.n 



.0305 

(.401) 

♦ 9.9 


♦ .013 

(♦ .005) 



.0247 

(.325) 

-li. a 


♦ .025 

(♦.010) 



.0237 

(.312) 

-14.5 


-.025 

(-.010) 

3 

0 

.0282 

1.371) 

♦ 1.0 


-.013 

(-.005) 



,0298 

(.392) 

♦ 6.7 


0.0 



.0340 

(.447) 

♦ 21.6 


♦ .013 

H . 005) 



.0306 

(.402) 

♦ 9.4 


♦ .025 

(♦.010) 



.0283 

(.373) 

♦ 1.5 


* The aero reference foi kni fe-to-groove axial position u taken where the knife 
tip is over the rub groove* Positive HO axiel petition denotes the knife tip 
upstream from the lend rub groove, and the negative (-) axial position denotes 
the knife tip downstream from the land rub groove. 


TABLE 10. COMPARISON OF SOLI D- SMOOTH , NON-GROOVED ABRADABLE, AND GRiX)VED ABRADABLE 
LAND PERFORMANCE AT .025 CM (.010 IN.) CLEARANCE IN THE 2D TEST RIG 


LAND 

TYPE 

KNIFE-TO- 
GROOVE 
AXIAL 
POSITION* 
cm (in.) 

PRESSURE 

RATIO 

FLOW 

PARAMETER 

hSL'l\ IjfaiJgll 

K'l ( Ibf sec 1 

A*/* 

FROM A 
SOLID- 
SMOOTH 
LAND 

1 

Solid- Smooth 


2.0 

.0272 

( . 358) 




3.0 

.0279 

(.368) 


Non-Grooved 


2.0 

.0299 

(.393) 

♦ 9.8 

"Abradable A" 


3.0 

.0325 

(.428) 

♦ 16.5 

Grooved 

-.025 (-.010) 

2.0 

. 0250 

(.329) 

- 8,1 

"Abradable A* 

-.013 (-.00$) 

1 

.0259 

(.341) 

- 4.8 


0.0 

I 

.0247 

(.325) 

- 9.2 


♦.013 (♦.005) 


.0242 

(.318) 

-11.2 


♦.025 (♦.010) 

* 

.<m« 

(.324) 

- 9.5 


-.025 (-.010) 

3.0 

.0279 

(.367) 

- 0.1 


-.013 (-.005) 


.0282 

(.371) 

♦ 1.0 


0.0 


.0210 

(.369) 

♦ 0.4 


♦.013 (♦.005) 


.0272 

( 358) 

- 2.6 


♦.C25 (♦.010) 

t 

.0274 

(.360) 


• The aero reference for kni fe- to- groove axial position 

is taken where the knife 

1 tip is over the rub groove. Positive (♦) axial position denotes the knife tin 

upstream from the land rub groove 

* *nd the negative (-) axial position denotes! 

tne knife tip downstream from the 

land rub groove. 






TABLL 11. COMPARISON OF SOLID-SMOOTH, NON-GROOVED ABRADABLE, AND GROOVED ABRADABLE 
LAND PERFORMANCE AT .051 CM (.020 IN.) CLEARANCE IN THE 2D TEST RIG 


LAND 

TYPE 

KNIFE-TO- 
GROOVE 
AXIAL 
POSITION* 
cm (in. ) 

PRESSURE 

RATIO 

FLOW 

PARAMETER 
kq-Klj |lbm °RS \ 
N* s l lbf sec 1 

A*/* 

FROM A 
SOLID- 
SMOOTH 
LAND 

% 

Solid-Smooth 



2. 

0 

.0277 

(.365) 





3 

0 

.0285 

(.375) 


Non-Groovetl 



2 

0 

.0305 

( .401) 

+ 9.9 

’’Abradable A" 



3. 

0 

.0323 

(.425) 

+ 13.3 

Grooved 

-.025 

(-.010) 

2. 

0 

.0259 

(.341) 

- 6.6 

•'Abradable A" 

-.013 

(-.005) 



.0264 

(.347) 

- 4.9 


0.0 



.0264 

(.348) 

- 4.7 


+ .013 

(+.005) 



.0261 

(.344) 

- 5.8 


+ .025 

(+.010) 



.0259 

(.341) 

- 6.6 


-.025 

(-.010) 

3. 

0 

.0281 

(. 370) 

-1.3 


-.013 

(-.005) 



.0286 

(.376) 

+ 0.3 


0.0 



.0285 

(.375) 

0.0 


+ .013 

(+.005) 



.0280 

(.369) 

- 1.6 


+ .025 

(+.010) 



.0281 

(.370) 

- 1 3 


* The zero reference for knife- to-groove axial position is taken where the knife 
tip is over the rub groove. Positive (+) axial position denotes the knife tip 
upstream from the land rub groove, and the negative (-) axial position denotes 
the knife tip downstream from the land rub groove. 


TABLE 12. EFFECT OF RUB GROOVING ON LEAKAGE USING A FOUR KNIFE STRAIGHT SEAL WITH "AHRAD/WH.L 



Pitch - .279 CP 

Clearance • .025 wir 

(.110 ir. 
(.010 in 

.) 

.) 


rmfa h 

1‘rcaaur 

aignt 
• Ratio • 

id, m/s 

.279 cr 
2.0 

If t/aac2 

( 

110 in. 


Fub Groova 
Cantral Angle, 

degree* 

Km fa -To - 
Groova Axial 
Location* , 
cm (in.) 


V, Knifa Tip Spai 

0.0 

- Static 

80 

(261) 


159 

(523) 


i J9 

( /«'*) 


n 





__ 

Si 

. * 1/2 



77T\ 





4, 

Airflow Parameter, 

Ir 

. a 


aac j 


0.0 

(Nongroovad) 

.0275 

(.342) 

.0271 

(.356) 


.0262 

.342) 


.0249 

( .326) 


+.025 (+.010) 

.0275 

(.3(2) 

.0271 

(.356) 


.0258 

( .340) 


.0245 

( .323) 

102 

0.0 

.0277 

(.3(4) 

.0271 

(.357) 


.0258 

(.340) 


.0245 

( .32 3) 


-.025 (-.010) 

.0280 

(.349) 

.0275 

(.342) 


.0244 

(.347) 


.0253 

( .333) 


+.025 (+.010) 

.0251 

(. 340) 

.0253 

(.333) 


.0244 

(.321) 


.0236 

(.310) 

3*0 

0.0 

.0254 

(.337) 

.0250 

(.329) 


.0242 

(.318) 


.0230 

< .303) 


-.025 (-.010) 

.0271 

1. 357) 

.0247 

(.351) 


.0259 

(.341) 


.0249 

( .321) 



(*Groova4 " * nongroovad)^ Non < 

iroovad ' 

Relative 1 

Fit* Change, 

1 


+.025 (+.010) 


0,0 

0.0 


M 

fJ 


-0. 

9 

107 

0.0 


+0.4 

+C 

.3 


- 

0 .4 


-0. 

9 


-.025 (-.010) 


+1.8 



.7 


♦ 

1.5 


♦a.l 


+ .025 (+.010) 


-4.1 

-4 

.5 


- 

6.1 


-4.9 

340 

0.0 


-4.9 

-7.6 


- 

7.0 


-7. 

1 


-.025 (-.010) 


-1.4 

-i 

.4 


- 

^3. 


_ 


*Th« aaro ridruici tor knlfo-to.grcov* axial position ia takar whara tha knit* t k p la ov«t th* ruL giouv*. 
Poaitiva ( *) axial position danotaa tha knit* tip upatraan from the land rub groove. and tha nagativv 
axial position danotaa tha knifa tip downatraan from tha land rub groove. 
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Honeycomb Lands Evaluation. Three honeycomb lands with cell sizes of .079 
cm (.031 in.), .159 cm (.062 in.), and .318 cm (.125 in.) were evaluated 
for leakage in the 2D seal test rig. The cell depth and wall thickness 
were .381 cm (.150 in.) and .0076 cm (.003 in.), respectively. Each 
honeycomb land was tested with the baseline four knife straight-through 
seal at three clearance values: .013 cm (.005 in.), .025 cm (.010 in.), 

and .051 cm (.020 in.). A photograph showing the 2D honeycomb lands is 
presented in Figure 17. 

The honeycomb land flow parameters, presented in Figures 43, 44, and 45 
for the three clearances tested, were obtained up to the maximum facility 
supply pressure. The purpose of testing to high seal pressure ratios was 
to verify the unusual trend of the flow parameter near the ;hokirig point. 
Figure 43, which illustrates the .013 cm (.005 in.) clearance tests, shows 
the flow parameter decreasing from its maximum as pressure ratio is in- 
creased beyond the critical value. The .025 cm (.010 in.) clearance 
tests, shown in Figure 44, indicate a similar effect at the largest cell 
size, however, the flow parameter decrease is much less than for the lower 
clearance. This phenomenon was not evident at the highest clearance 
tested, .051 cm (.020 in.). 

A possible explanation for the flow parameter characteristic of the 
honeycomb land as pressure ratio is increased at the .013 cm (.005 in.) 
and .025 cm (.010 in.) clearances tested could be predicated on an 
increased level of turbulence within the knife seal cavity resulting from 
the flow disturbance generated by the honeycomb cells. This flow field 
variation could cause the flow parameter to pass through a maxima. 

The aerodynamic flow area between the knife edge and honeycomb cell could 
undergo changes with local pressure and Mach number, also. As the seal 
pressure ratio increases, the flow may have less tendency to expand into 
the honeycomb cell, particularly for the smaller cell sizes. This action 
would have the effect of reducing the aerodynamic clearance. Figures 43, 
44, and 45 show that the flow parameter falls off less in absolute magni- 
tude as the honeycomb land cell size is reduced. 

A comparison of the smooth and honeycomb lands is presented in Table 13. 

A honeycomb land can reduce leakage up to 20% at .051 cm (.020 in.) clear- 
ance. However, at .013 cm (.005 in.) clearance the two larger cell size 
honeycomb lands leaked almost twice as much as a smooth land. Therefore, 
it can be concluded that a honeycomb land may be employed to reduce seal 
leakage but with consideration given to the operating clearance and the 
honeycomb cell size selection. 

Cell Depth Effect on the Honeycomb Lands . The honeycomb land cell 
depth effect on seal leakage was also investigated on the 2D air seal test 
rig. Two depths, .254 cm (.100 In.) and .127 cm (.050 In.) were evaluated 
In addition to the cell depth of .381 (.150 In.). The honeycomb cell 
depth was decreased by laying a strip of wax of the desired thickness onto 


l 
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the honeycomb land, forcing it down into the land cells, and then apply- 
ing heat to melt the wax. The liquid wax wicked into the corners of ti < 
cells and solidified at the predetermined depth. Testing was conducteo 
using the baseline four knife straight-through seal. The results are 
summarized in Figures 46, 47, and 48 for the .013 cm (.005 in.), .025 cm 
(.010 in.), and .051 cm (.020 in.) radial clearances, respectively. 

Figure 46 shows that a cell depth of .254 cm (.100 in.) is optimum for 
the .079 cm (.031 in.) cell honeycomb at .013 cm (.005 in.) clearance. 

The two larger cell honeycomb lands indicated higher flow than a smooth 
land, thus they would not be used at .013 cm (.005 in.) clearance to 
reduce leakage. 

Figure 47 shows an optimum cell depth of .254 cm (.100 in.) for the .079 
cm (.031 in.) and the .159 cm (.062 in.) honeycomb cell sizes at .025 cm 
(.010 in.) clearance. The large cell honeycomb again indicated higher 
flow than a smooth land. The .079 cm (.031 in.) cell size honeycomb 
produces the minimum leakage of those tested at .025 cm (.010 in.) 
clearance. 

Figure 48 shows that the optimum honeycomb land cell depth at .051 cm 
(.020 In.) clearance is .254 cm (.100 in.) for the three honeycomb land 
cell sizes tested. However, the minimum leakage honeycomb is the .318 cm 
(.125 in.) cell size at .051 cm (.020 in.) clearance. 

The effectiveness of honeycomb material in reducing straight-through seal 
leakage appears to be a function of the cell depth and the ratio of cell 
size to clearance. The data obtained from these tests indicate that the 
optimum cell depth is .254 cm (.100 in.) when the cell size to clearance 
ratio is less than about 6.2. 

Seal Rotation Effect on the Honeycomb Land . A honeycomb land design 
was also evaluated on the 3D air seal test rig. A cell size of .159 cm 
(.062 in.) and a cell depth of .254 cm (.100 in.) were selected for test- 
ing at radial clearances of .025 cm (.010 in.) and .051 cm (.020 in.). 

The honeycomb cell size and depth selections were based on the 20 rig 
test results and the range of clearances to be evaluated in the 3D rig 
tests. 

The static and dynamic test results with the baseline four knife straight- 
through seal are presented in Figures B-15 and B-16, Appendix B. These data 
at a seal pressure ratio of 2.0 are summarized In Table 14. The smooth land 
test data are also included for comparison purposes. At .025 cm (.010 in.) 
clearance, the initial effect of rotation on the honeycomb land Is to reduce 
leakage relative to the static level. As rotational speed Increases, the 
leakage Increases slightly above the static level. The .051 cm (.020 in.) 
clearance results, however, show the honeycomb land leakage decreasing 
slightly at each speed condition tested. 
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The 30 rig static test results for the honeycomb lands at a 2.0 pressure 
ratio show 5% less leakage than the smooth land at .025 cm (.010 in.) 
clearance. However, seal knife rotational effects cause the honeycomb 
land leakage to increase with knife tip speed until a leakage 7 % higher 
than the smooth land occurs at 239 m/s (785 ft/sec). The honeycomb land 
at .051 cm (.020 in.) clearance shows about 25% less leakage than the 
solid-smooth land, both statically and dynamically. These results are 
summarized in Table 15, which also includes a comparison of the 3D rig 
abradable land performance. 

A comparison of the 2D rig and 3D rig honeycomb land test results shows 
excellent agreement at .051 cm (020 in.) clearance. At .025 cm (.010 
in.) clearance, the honeycomb land shows a variation in performance level 
between the 2D and 3D rigs. This variation might mean that the location 
of the seal knife edge relative to the honeycomb cell sidewall is an in- 
fluential parameter at small clearances. Additional testing may be war- 
ranted with the .025 cm (.010 in.) radial clearance honeycomb land to 
investigate the performance difference between the 2D rig and 3D rig test 
results. 
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AIRFLOW PARAMETER 


FIGURE 46. EFFECT OF HONEYCOMB CELL DEPTH ON FOUR KNIFE STRAIGHT SEAL LEAKAGE 
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AIRFLOW PARAMETER - 


FIGURE 47. EFFECT OF HONEYCOMB CELL DEPTH ON FOUR KNIFE STRAIGHT SEAL LEAKAGE 
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AIRFLOW PARAMETER 


FIGURE 48. 


EFFECT O' HONEYCOMB CELL DEPTH ON FOUR KNIFE STRAIGHT SEAL LEAKAGE 
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TABLE 13. COMPARISON OF SMOOTH AND HONEYCOMB LAND PERFORMANCE AT PRESSURE RATIOS OF 2.C AND 3.0 


2-D Rig, Seal Qxif iguration: 

Four Vertical Knives 
Pitch - .279 on (.110 in.) 

Knife * .279 an (.110 in.) 

Km ft* Edgti Thickness - .025 ^.038 an (.010 ^ ,015 in.) 

Land Cell Depth * .381 an (.150 in.) 

p*?TE: ♦ indicates leakage greater than amooth land at coRpar&le clearance 

- Indicaw-*s leakage less than smooth land at ccrparable clearance. 













































Optimum Pitch Studies . An experimental study was made to determine if 
rotation of the seal knife affects the optimum pitch dimension for a con- 
ventional straight-through labyrinth seal. The optimum knife pitch value 
has historically been established from static rig tests. The optimum 
design pitch is defined in this context as the combination of knife pitch 
and number of seal knives that provides the lowest leakage at a specified 
clearance and fits within a specific axial envelope. Using a four knife 
straight-through seal configuration with a .025 cm (.010 in.) radi'l 
clearance, t\e optimum pitch was calculated to be .279 cm (.110 in.) from 
the static design parameter, pitch/clearance = 11. Four knife straight- 
through seal rotors with pitch values of .203 cm (.030 in.) and .356 cm 
(.140 in.) were also selected for dynamic testing to provide performance 
informatio. n each side of the optimum pitch seal. The lands evaluated 
included the smooth, abradable, and honeycomb configurations at .025 cm 
(.010 in.) and .051 cm (.020 in.) radial clearances which were tested in 
the 2D rig segnent of Task I. All tests in this 3D rig segme .t of Task I 
were conducted statically end rotationally at 80 m/s (261 ft/sec), 159 
rr/s (523 ft/sec), and 239 m/s (785 ft/sec) knife tip velocities. 

The solid-smooth, the "Abradable A", and the honeycomb land test results 
for the three knife pitch values are plotted Figures 49, 50, and 51, 
respectively, to show the similar performance characteristics at static 
and dynamic conditions. Differences in seal leakage do result from rota- 
tional effects, but the similarity in flow parameter change with knife 
pitch from static and dynamic tests indicates that rotation does not 
significantly affect knife optimum pitch for any of the seal lands 
tested. The solid-smooth and abradable lands generally show a continuous 
decrease in the leakage characteristic as pitch Increases. The honeycomb 
land displays a distinct minima In flow parameter at the .279 cm (.110 
in.) knife pitch. 

These results are cross-plotted In Figures 52 and 53 to show the simi- 
larity in the effect of knife pitch on the performance of seals with 
solid-smooth, abradable, or honeycomb lands. Figures 54, 55, and 56 show 
the influence of rotation on the seal performance with solid-smooth, 
abradable, and honeycomb lands, respectively. The second-order effect of 
rotation on knife pitch is reconfirmed, also. The Individual flow param- 
eter curves are included in Appendix B. 

Review . The complex nature of labyrinth seal performance and the asso- 
ciate? difficulty of predicting performance without adequate knowledge 
based on test data have been verified by the experimental program. The 
use of abradable and honeycomb seal lands Is a relatively recent develop- 
ment. The prediction of leakage performance for these newer seal mater- 
ials is based on a limited amount of test data and the assumption of 
characteristics developed fo** solid-smooth lands. A sun* .:y of the static 
performance and rotational effects on the seal leakage characteristics for 
the representative abradable and honeycomb land materials is presented 
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with the solid-smooth land performance in Table 16. A comparison of the 
abradable and honeycomb lands relative to a solid-smooth land Is presented 
In Table 17 for static and dynamic conditions. The comparable 20 rig test 
results are also included in this table. Figures 57 and 58 are plots of 
the relative performance deviation from the solid-smooth land. 


FIGURE 49. EFFECT OF KNIFE PITCH ON SOLID-SMOOTH LAND SEAL PERFORMANCE 
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KP - KNIFE PITCH - cm (In.) kP - KNi- TCH-cmOn.) 




FIGURE 51. EFFECT OF KNIFE PITCH ON HONEYCOMB* LAND SEAL PERFORMANCE 
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KP - KNIFE PITCH - cm (in.) KP - KNIFE PITCH - cm (in.) 



FIGURE 52. EFFECT OF KNIFE PITCH AT 0.025 cm (0.010 in.) CLEARANCE ON SEAL PERFORMANCE 
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Itf - KNIFE FITCH - cm C*«-) KP - KNIFE PITCH 
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FIGURE 54. EFFECT OF ROTATION ON SOLID-SMOOTH LAND SEAL PERFORMANCE 
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FIGURE 55. EFFECT OF ROTATION ON “ABRADABLE A" LAND SEAL PERFORMANCE 
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TABLE 16. EFFECT OF ROTATION ON 1HE PERFORMANCE OF A FOUR KNIFE STRAICWT SEAL AT A PRESSURE RATIO * 2.0 


LAND 

KP, 

Knife Pitch 

CL, 

Clearance 

** 

Flow Parameter 


A$ /♦ 'V- % 

Fran Static Performance 
At Knife Tip Speed, V 

an 

in. 

an 

in. 

kg* K** 
N-s 

ib *** 

m 

lb f sec 


Static 

V*0.0 

V=80 it^s 
(261 ft/aec) 

V-159 m/a 
(523 ft/sec) 

V=239 m/a 
(785 ft/sec) 

SOLID- SMOOTH 

.203 

.080 

.025 

.010 

.0300 

.395 

-1.0 


-4.6 

-8.6 




.051 

.020 

.0303 

.399 

+1.3 


-2.5 

-4.8 


.279 

.110 

.025 

.010 

.0266 

.350 

-2.6 


-6.0 

-8.9 




.051 

.020 

.0283 

.372 

+1.3 


-1.9 

-6.7 


.356 

.140 

.625 

.010 

.0250 

.329 

-3.0 


-5.5 

-8.2 




.051 

.020 

.0273 

.359 

+5.6 


-2.8 

-8.1 

"ABRADABLE A M 

.203 


.025 

.010 

.0350 

.460 

mn 

■ 


-12.0 




.051 

.020 

.0312 

.411 

m I 

1 


-6.3 


.279 

.110 

,025 

.010 


.362 

-1.6 


-5.5 

-9.9 




,051 

.020 


.368 

-0.8 


-4.6 

-10.3 


.356 

.140 

wm 


mgm 


mn 

■ 

-4.0 

-7.9 




n 


EH 

■ 1 

m\ 

1 

-5.0 

-9.8 

.159 an( .062 in 

i .203 

.080 

9 

.010 

.0290 

HP9 

-1.3 


-2.1 

-2.1 

Cell Honeyoarb 




.020 

.0241 

B 

-0.3 


-1.9 

-4.7 


.279 

.110 

■9 

.010 

.0253 

.333 

|H1E| 


-1.2 

+2.4 




EH 


.0205 

.270 



-2.2 

KB 


.356 

.140 

mi?vm 



WmaM 



0.0 


L . 



Hi 



B 

Bal 

■ 

-2.5 

bbb 


TABLE 17. COMPARISON AT A PRESSURE RATIO - 2 . 0 OF A HONEYCOMB AND AN ABRADABLE 
LAND WITH SOLID LAND SEAL PERFORMANCE STATICALLY AND DYNAMICALLY 


LAND 

KP, 

Knife Pitch 
an in, 



CL, 

Clearance 
an in. 


2D RIG 



Static 

V*0.0 

V-80 m/a 

(261 ft/aec) 

_ 

V*159 m/a 
(523 ft/aec) 

V-239 iV* 
(785 ft/aec) 

Solid-Smooth 


203 








"Abradable A" 







+16.5 

+16.9 

+15.4 

+12.2 

Honeyoarb 







- 3.3 

- 3.6 

- 0.8 

- 3.6 

Solid-anooth 





.051 .020 






"Abradable A" 







+ J.O 

+ 2.5 

+ 3.3 

♦ 1.3 

Honeyoarb 







-20.6 

-21.8 

-20.1 

-20.5 

Solid-anooth 

.2‘ 

J9 

.110 

.025 .010 


■ 




"Abradable A" 







1 

+ 4.4 

+ 4.0 

+ 2.2 

Honeyoarb 







HOi 

- 3.5 

0.0 

+ 6.9 

Solid-Smooth 





.051 .020 

mm 





"Abradable A" 








- 3.2 

- 3.8 

- 4,9 

Honeyoarb 

L, 



1 




-28.9 

-27.7 

-24.2 

Solid-anooth 

B 


mm 

.025 .010 

Httl! 

bb 




"Abradable A" 

I 


■ 

1 



1 ■ 

+10.0 

+ 9.3 

+ 7.9 

Honeyoarb 

1 


| 

I 


HUH 

■SB 

+11.0 

+14.8 

+20.2 

Solid-anooth 

■ 


I 

I 

.051 .020 



r~ 



"Abradable A" 

I 


■ 

I 



- 0.6 

- 1.9 

- 2.9 

- 2.4 

Honeyoarb 

1 


■ 

1 



-22.0 

-23.5 

-21.8 

-18.5 
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Aerodynamic Test Results for an Advanced Labyrinth Seal 


An advanced labyrinth seal design, initially tested under contracts to 
the Navy (N00140-73-C-0005 and N00140-74-C-0759), was selected as the 
basis for the geometry optimization study of Task II (see Figure 4). An 
experimental program was conducted to determine the influence of 
individual seal design parameters. The matrix of these test results was 
analyzed to derive an optimum seal geometry with performance superior to 
the original design. The performance of the optimum advanced seal was 
mapped and then evaluated against a conventional stepped seal, which is 
typical of many contemporary designs. 

The conventional stepped seal which was used as a performance baseline 
for the previous Navy program (Reference 1) and for this NASA study has 
the following configuration: 


KNIVES: Vertical 


KN, number of knives 

4 

KP, pitch 

.699 cm (.275 in.) 

KH, height 

.386 cm (.152 In.) 

Flow direction 

LTSD or STLD 

LAND: Solid-Smooth 


SH, step height 

.318 cm (.125 In.) 

Step face 

smooth (no notch) 


A sketch illustrating the general configuration of the advanced 
labyrinth seal design selected is shown in Figure 59. The design 
philosophy used to develop the advanced seal configuration was to 
improve the sealing efficiency by Increasing the turbulence within the 
knife cavity. An extension of the high turbulence concept to seal 
designs which optimize the knlfe-to-knlfe performance was Investigated 
by employing a mixture of seal geometry (nonconstant design parameters) 
within an Individual four knife advanced seal. 

Optimization of an Advanced Labyrinth Seal Design . The Influences of 
the geometric variables were sorted expeditiously and economically with 
the DDA two-dimensional (2D) air seal test rig. The 2D rig test 
program was structured In a flexible manner to provide only the 
necessary Information to optimize the performance of the advanced 
seal. When a geometric parameter under evaluation Indicated marginal 
performance Improvement, the Investigation was discontinued and 
redirected. Therefore, the performance curves for several of the 
geometric parameters presented In this report have a limited range of 
data relative to other parameters Investigated. In other cases, 
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sufficient matrix information was obtained to define performance trends 
over a wide range of data for several parameters. The effect of a 
geometric parameter was evaluated empirically from its measured flow 
parameter characteristic curve (w/Tu/PuA versus Py/Po)* The 
value for the flow parameters, w/Tu/PuA, at an arbitrary 2.0 
pressure ratio, when cross-plotted against the subject geometric 
parameter, provided the influence information required for design 
selection. 

The specific values of the geometric parameters investigated in the 2D 
rig to optimize the performance of the advanced seal are presented in 
Table 18.* Each geometric parameter was evaluated at seal clearances 
of .025 cm (.010 in.) and .051 cm (.020 in.) since the performance of 
the advanced seal design was known to be dependent on the seal 
clearance (Reference 1). Throughout the geometric parameter 
investigations, a four knife seal configuration was used. 

Step Height Effect on Advanced Seal Performance . A summary of the 
test results for the influence of land step height is presented in 
Figure 60. The investigation of this parameter over a pitch range of 
.408 cm (.200 in.) to 1.016 cm (.400 in.), concentrated on the 70° 
knife angle with selected tests at a 90° knife angle. All tests of 
step height effects were conducted with the land notched as shown in 
Figure 59. As step height was varied, the height of the notch varied, 
and the notch lip thickness was held constant at .064 cm (.025 in.). 
Data were not obtained for the effect of land step height without the 
notch in the land. 

Both the 70° and 90° knife angle configurations indicated only 
slight variations in leakage rate at the two clearances investigated. 
Over the step height range evaluated, the smaller step height gave the 
lowest leakage. This result had not been anticipated since a 
conventional stepped seal derives lower leakage from the spoiling 
effect of the step on the flow streamlines. Although the effect on 
leakage is small, the performance trend for step height Is opposite to 
that expected. The leakage performance trend with step height is 
probably due to the complex Interaction of the flow field with the step 
height and land notch configuration. 

Based on these 90° and 70° knife angle performance trends, a .305 
cm (.120 In.) step height was selected for Investigation at the 50° 
knife angle. The performance of the .305 cm (.120 In.) step with the 
50° knife angle, also shown on Figure 60, was almost Identical to 
that for the 70° knife angle. Since the Influence of step height on 
the performance of seals with 90° and 70° knife angles was similar, 
additional testing of the step height parameter was considered 
unnecessary. 


*The geometric parameters are defined In Appendix H. 
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The optimum step height for the advanced seal land was identified as 
.305 cm (.120 in.). 


Knife Height Effect on Advanced Seal Performance . The seal knife 
height was varied by inserting wax strips to reduce the knife height 
dimension. Figure 61 shows an example of this technique. The seal 
knife height test results are presented in Figure 62 for the 90° 
knife angle seal and Figure 63 for the 70° and 50° knife angles. 

The optimum knife height is near .508 cm (.200 in.) for the 90° knife 
angle seal and is Independent of clearance in the range evaluated, as 
indicated in Figure 62. Knife pitch has a minor effect on the 
selection of the optimum performance knife height. The 70° and 50° 
knife angle performance shown in Figure 63 generally indicates that a 
large knife height, .711 cm (.280 in.), is beneficial. However, a 
shallow knife height is desirable from manufacturing and operating 
durability aspects. 

Since the advanced seal performance is not highly sensitive to the 
height parameter, a knife height of .381 cm (.150 in.) was selected to 
compromise the mechanical and fabrication requirements with the 
performance of the optimized advanced seal design. 

Knife Pitch Effect on Advanced Seal Performance . The test results 
for seal knife pitch are shown in Figures 64 through 66. The 90° and 
70° knife angle data of Figure 64 indicate that a small pitch Is 
desirable for minimum leakage. However, the 50° knife angle data 
show a different trend. A pitch of .762 cm (.300 in.) is the value for 
minimum leakage with a knife angle of 50°. Reducing the pitch below 
.762 cm (.300 In.) significantly Increases the leakage for a 50° 
knife angle seal, whereas the 90° and 70° knife angle seals 
generally show little change. The maximum leakage variation for the 
advanced seal through the range of knife pitch tested was approximately 
12% for the 90°, 70°, and 50° knife angles. The advanced seal 
configurations exhibited similar leakage sensitivity over the clearance 
range evaluated. 

Additional test results for the influence of seal knife pitch are 
presented in Figures 65 and 66 for the 700 and 900 knife angle 
configurations, respectively, where a range of seal step height data 
were available. These results show that a change in the step height, 
in general, does not change the optimum pitch value. 

The selection of knife pitch must also receive careful consideration 
from a mechanical design standpoint since It is the major geometric 
dimension which affects the total allowable axial seal movement In a 
stepped seal. For a typical stepped seal design, an axial travel 
distance of +.254 cm (+.100 in.) Is required to prevent the seal knives 
from (1) disengaging from the lands or (2) rubbing the stationary land, 
both of which will result in excessive leakage. Any physical contact 
between the knives and the vertical faces of the land steps will cause 
hardware damage and a possible catastrophic failure. 
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Based on the test results and mechanical design considerations, a pitch 
of .762 cm (.300 in.) was selected for the optimized seal design. This 
pitch yields the minimum leakage for 50° and 90° knife angle seal 
configurations and is near the optimum for a 70° knife angle. The 
.762 cm (.300 in.) pitch value also provides sufficient axial knife 
movement for satisfactory operation in advanced engine environments. 

The effect of pitch on the performance of the advanced seal design was 
greater than expected since most designers do not consider pitch to be 
a performance parameter. The scope of this program did not include an 
evaluation of the effects of seal knife pitch on a conventional stepped 
labyrinth seal (without a notched land step). It is evident from the 
results of this program that the design of conventional stepped seals 
might be improved if data for the effects of knife pitch on performance 
were obtained. 

Knife Angle Effects on Advanced Seal Performance . The test 
results For tne effect of seal knife angle are summarized in Figures 
67, 68, and 69 in terms of percent leakage reduction compared to the 
conventional 90° knife angle as the base. Figure 68 shows that, at 
the optimum knife pitch, a 50° knife angle reduces leakage 7 X at .025 
cm (.010 in.) clearance and 12< at .051 cm (.020 In.) clearance. The 
70° knife angle reduces leakage 5% and 9< for .025 cm (.010 in.) and 
.051 cm (.020 in.) clearances, respectively. 


Figures 70 and 71 are cross-plots of the datfl in Figures 67, 68, and 69 
as a function of pitch for the 70° and 50° knife angles, 
respectively. These results show that pitch and knife angle Interact 
to exert a significant influence on the seal performance. Generally, a 
70° or 50° knife angle was found to reduce leakage. Only one 
exception at .025 cm (.010 in.) clearance was found in the range of 
advanced seal parameters investigated. The 50° knife angle at .508 
cm (.200 In.) pitch Increased leakage 2X. However, these data indicate 
that the 50° knife angle Is best for a knife pitch of .762 cm (.300 
In.) or larger. Since a .762 cm (.300 in.) pitch was selected for the 
optimized advanced seal design, the 50° knife angle was the optimum 
choice. 


Optimum Advanced Seal Performance . A sketch of the optimum advanced 
seal design for the LTsO Flow direction that was derived from 
evaluating the geometric parameters Is presented In Figure 72. The 
optimized parameters are: 

Step Height: .305 cm (.120 In.) 

Knife Height: .381 cm (.150 in.) 


Knife Pitch: 


.762 cm (.300 in.) 


Knife Angle: 500 
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The performance of the optimum advanced seal in the LTSD configuration 
was mapped in the 2D test rig. The influence of the axial clearance 
and the number o f knives were determined. The performance 
contributions from the step notch was investigated, also. 

Design parameters related to some requirements of the seal application 
were studied in the 3D test rig. The effects of flow direction and 
land materials on the performance of the optimum advanced seal were 
investigated. The interaction of rotation wiLh seal leakage was 
measured at 80 m/s (261 ft/sec), 159 m/s (523 ft/sec), and 239 m/s (785 
ft/sec) knife tip speeds. 

Performance Mapping in the 2D Test Rig . The aerodynamic test results 
from the 2D rig for the LTSD optimized advanced seal design are 
presented in Figures 73 and 74 at .025 cm (.010 in.) and .051 cm (.020 
in.) clearances, respectively. The performance of a 20 conventional 
stepped seal with the same knife pitch, step height, DTC, and LTSD flow 
direction has been included for comparison purposes. The optimized 
advanced seal achieved a significant reducti >n in seal leakage. At a 
2.0 seal pressure ratio, leakage reductions jf 11% at .025 cm (.010 
in.) clearance and 21% at .051 cm (.020 in.) clearance were obtained 
relative to the 2D conventional stepped seal. 

Land Notch Effect on Optimum Advanced Teal Performance . An 
evaluation of the seal land notch was conducted in the 20 rig for the 
optimized advanced seal design. The seal 1 ind notch was modified from 
the optimum geometry. Figure 75 (a), to a "half -notch" configuration, 
shown in Figure 75 (b), to represent a typical machining process which 
would be employed for economical manufacturing. The optimized seal was 
also evaluated with a conventional or "no-n)tch" land, shown in Figure 
75 (c). The aerodynamic test results for tie "full-notch", 
"half-notch", and "no-notch" lands in the optimized seal are presented 
in Figures 76 and 77. At a 2.0 pressure ratio, the performance with 
the full -notch showed leakage reduced 7% relative to the no-notch 
land. Similarly, the half-notch reduced leakage about 3%. Based on 
these results, which are summarized in Tab!? 19, the full-notch land 
was determined to be an important design feature of the advanced seal 
configuration. 

Number of Knives Effect on Optimum Advanced Seal Performance. The 
optimized advanced seal was also evaluated in the 2D rig for three and 
two seal knives to complement the four knif» information. The flow 
parameter characteristics for the four, thrae, and two knife optimized 
advanced seals at .025 cm (.010 in.) and .051 cm (.020 in.) clearances 
are presented in Figures 78 and 79, respectively. These results show 
that the overall discharge coefficient for the optimum advanced seal 
design is lower at the .051 cm (.020 In.) clearance than at the .025 cm 
(.010 in.) clearance. Table 20 summarizes the overall discharge 
coefficients at a 2.0 seal pressure ratio for the four, three, and two 
knife configurations. The discharge coefficients at .025 cm (.010 in.) 
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clearance are about 20% greater than they are at .051 cm (.020 In.) 
clearance. 

Axial Clearance Effect on Optimum Advanced Seal Performance . The 
sensitivity of the optimized advanced seal design relative to the axial 
position of the seal knife on the land was also determined In the 2D 
rig. The dlstance-to-contact (DTC) Is defined as the minimum axial 
distance of any part of the seal rotcr (knife) from contact with any 
part of the land. 

The nominal DTC for the optimized advanced seal was set at .254 cm 
(.100 in.) to accommodate a typical design requirement on axial rotor 
travel. The DTC results for the four, three, and two knife 
configurations at .051 cm (.020 in.) clearance are summarized In Figure 
80. The DTC has a nominal Influence on the performance of the optimum 
advanced seal. 

The scope of this program did not Include obtaining similar DTC data 
for a conventional stepped seal. Since the DTC Is probably an 
important consideration in the design and performance of a conventional 
stepped seal, this Information should be generated In the near future 
to aid the designer and the performance analyst. 

Performance Mapping In the 3D Test Rig . The optimized advanced seal 
design was fabricated In the LTSD configuration, shown In Figure 72, 
and In the STLD configuration, shown In Figure 81, for testing In the 
3D air seal test rig. An "Abradable A" land, a honeycomb land of .159 
cm (.062 In.) cell size, and a solid-smooth land were tested in 
combination with the STLD rotor. The LTSD rotor was tested with the 
solid-smooth land. The abradable and honeycomb materials were 
Installed In each land as .254 cm (.100 In.) thick Inserts. The 
optimum advanced seal hardware tested In the 3D rig Is shown In Figures 
82 through 86. 

The flow parameters measured In the 3D rig at static and dynamic test 
conditions for the advanced seal with a solid-smooth land are presented 
in Figures 87 and 88 for the LTSD and STLD flow directions, 
respectively. The flow parameters for the abradable and honeycomb 
advanced seals In the STLD flow direction are presented In Figures 89 
and 90, respectively. All testing of the advanced seals In the 3D rig 
was accomplished at .051 cm (.020 In.) radial clearance. These results 
are summarized In Table 21. 

r 

The 3D rig test results show that the leakage through the LTSD advanced 
seal with a solid-smooth land was very similar to, but slightly higher 
than, that In the 2D rig. The 2D rig test results demonstrated a 21% 
reduction In leakage with the optimized advanced seal design compared 
with the 2D conventional stepped seal at 2.0 pressure ratio. The 3D 
rig tests show a 17% reduction In static leakage relative to the same 
2D baseline seal. 
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Rotational Effect on Optimum Advanced Seal Performance . The 
rotational effect of the seal knife on leakage in the LTSD flow 
direction is small, as shown in Figure 87. The optimized advanced seal 
experienced only a 2% leakage reduction from static performance at a 
2.0 pressure ratio for the maximum knife tip speed of 239 m/s (785 
ft/sec). Negligible change from static performance was measured at 80 
m/s (261 ft/sec) and 159 m/s (523 ft/sec) knife tip speeds. The effect 
of rotation on the optimized advanced seal is similar to the effect of 
rotation on a conventional LTSD stepped seal (Reference 1). 

The rotational effect on the STLD advanced seal leakage s greater than 
that on the LTSD design, as shown in Figure 88. The maximum rotational 
speed tested reduces the advanced seal leakage 6 % compared to 3% for a 
conventional STLD stepped seal (Reference 1). The advanced seal 
leakage flow in the STLD direction shows a reduction, compared to a 
conventional stepped seal at a 2.0 pressure ratio, of 24% statically 
and 27% at 239 m/s (785 ft/sec) knife tip speed. 

The STLD configuration of the advanced seal design has 9% less leakage 
statically and 13% less leakage dynamically than the LTSD 
configuration. A comparison, at a 2.0 pressure ratio, of the advanced 
seal performance for leakage in the LTSD and STLD flow directions is 
presented in Figure 91 for the 3D rig static and dynamic test 
conditions. 

The seal rotational effects for the porous material abradable land and 
honeycomb land are included in Table 21. These data show that rotation 
reduces leakage 7% for the abradable land at 239 m/s (785 ft/sec). 
However, the honeycomb land experienced a 6% leakage increase at the 
same conditions. An increase in honeycomb land leakage flow with seal 
rotation was also found for a straight-through seal. Figure 92 is a 
plot summarizing the effects of rotation on the optimized advanced seal 
using a LTSD scl id-smooth land and on tne advanced seal using a STLD 
solid-smooth land, an abradable land, and a honeycomb land. 

The performance for the abradable land and the honeycomb land is 
compared to a solid-smooth land in Table 22 for the STLD configuration 
of the advanced seal at a 2.0 pressure ratio. A plot of these results 
in Figure 93 shows the performance penalty to be about 15% for the 
abradable land and above 50% for the honeycomb land. The abradable 
land performance is insensitive to seal rotation, but the honeycomb 
land performance deteriorates with Increasing rotor speed. The leakage 
Increase with the "Abradable A" material land was expected and falls 
within the range of the experimental results discussed earlier for 
porous abradable material lands. However, the large Increase in 
honeycomb land leakage was unexpected. The tests conducted on 
conventional straight-through seals In the 2D and 3D seal rigs showed 
that honeycomb lands reduced leakage, particularly at .051 cm (.020 
In.) clearance. 
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Conventional stepped seal performance with honeycomb lands was not 
obtained during the course of this program nor was any performance 
Information found In the literature. The unusual response of the 
advanced seal with a honeycomb land will require more experimental 
evaluation to provide the necessary Information to explain the leakage 
performance characteristic. In addition, conventional stepped seal 
performance with honeycomb lands should be generated to provide the 
engineer with sufficient knowledge to select the best labyrinth seal 
design for the dynamic environment. 
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FIGURE 59. ADVANCED SEAL CONFIGURATION FROM REFERENCE 1 
FOR PERFORMANCE OPTIMIZATION 
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FIGURE 62. 
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EFFECT OF KNIFE HEIGHT ON LEAKAGE THROUGH 
LTSD ADVANCED SEALS WITH FOUR VERTICAL KNIVES 


2D RIG PRESSURE RATIO * 2.0 
KO, KNIFE ANGLE * 90 degrees 
SH, STEP HEIGHT = .305 cm (.120 In.) 


Cl, CLEARANCE - cm fin.) 



00) (.200) (.300) 


KH, KNIFE HEIGHT - cm (in.) 







AIRFLOW PARAMETER - 


FIGURE 63. EFFECT OF KNIFE HEIGHT ON FOUR SLANTED KNIVES ADVANCED SEAL 



(.100) (.200) (.300) 

KH, KNIFE HEIGHT -cm (In.) 
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AIRFLOW PARAMETER - 


FIGURE 6b. EFFECT OF KNIFE PITCH ON FOUR KNIFE ADVANCED 
SEAL WITH A 70° KNIFE ANGLE 



i ■ - - j 


KP, KNIFE PITCH -cm (in.) 
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A */+ , KNIFE ANGLE INFLUENCE FACTOR-' 


FIGURE 68. EFFECT OF KNIFE ANGLE ON FOUR KNIFE ADVANCED 
SEAL WITH A KNIFE PITCH - .762 cm (.300 in. ) 



5 
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**/ 4>, KNIFE ANGLE INFLUENCE FACTOR - 


FIGURE 69. EFFECT OF KNIFE ANGLE ON FOUR KNIFE ADVANCED 
SEAL WITH A KNIFE PITCH • .508cm (.200 In.) 



K 0 , KNIFE ANGLE -degrees 
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FIGURE 70. EFFECT OF PITCH ON KNIFE ANGLE INFLUENCE FACTOR FOR A 
FOUR KNIFE ADVANCED SEAL WITH A KNIFE ANGLE - 70° 


SEAL PRESSURE RATIO 


1.TSI) 2D SEAL R1C 

HI, KNIIL IIEICirr * .711 cm (.280 in.l 

Sit, STEP IlLiarr « .305 cm (.120 in.) 

irrc/KT > .334 


CL, CLEARANCE - 

cm 

(in.) 

— -O 

.025 

(.010) 

D— 

.051 

(.020) 


v ^90 




KP, KNIFE PITCH -cm (in.) 















FIGURE 72. LTSD OPTIMIZED ADVANCED ~TM CONFIGURATION 



GEOMETRIC DEFINITION 


PITCH -.762 cm (0.300 in.) 

STEP HEIGHT -.305 cm (0.120 in.) 
KNIFE HEIGHT • .381 cm (0. 130 in. ) 
KNIFE ANGLE - 30 DEG 
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SEAL * flES SUAE AATTO CPU/PD) 







i 

i 

/ 

/ 

I 

(c) NO NOTCH ON STEP (CONVENTIONAL STEP) 


««■ 


ALL DIMENSIONS ARE IN cm (in.) 



FIGURE 75. SKETCH OF FULL-NOTCH, HALF-NOTCH, AND 
NO-NOTCH LAND CONFIGURATIONS TESTED 
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FIGURE 76. LAND NOTCH EFFECT ON THF LEAKAGE THROUGH THE LTSD OPTIMUM ADVANCED SEAL 



SEAL PRESSURE RATIO IPU/PO) 






PRESSURE RATIO 







FLOW PARAMETER - 


FIGURE 80. EFFECT OF DISTANCE-TO-CONTACT(DTC) AND NUMBER 
OF KNIVES ON LEAKAGE THROUGH THE OPTIMUM 
ADVANCED SEAL AT A CLEARANCE • .051cm(.020 in.) 



0 (.050) (.100) (.150) (.200) 

DTC, D I STANCE TO CONTACT - cm (in. ) 
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FIGURE 81. STLD OPTIMIZED ADVANCED SEAL CONFIGURATION 



GEOMETRIC DEFINITION 

7lTCH^762 cn Ho^OinT""^ 

STEP HEIGHT -.305 cm (0.120 In.) 
KNIFE HEIGHT -.381 cm (0.150 In.) 
KNIFE ANGLE -50 DEG 
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FIGURE 83. "ABRADABLE A" LAND OF THE OPTIMIZED ADVANCEO SEAL FOR THE 3D RIG 
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OPTIMIZED ADVANCED SEAL FOR THE 3D 



FIGURE 86. STLD ROTOR OF THE OPTIMIZED ADVANCED SEAL FOR THE 3D RIG 


0.(51 cm COPOIn. ) 5H • 0. 305 cm U20 In. ) SPEED VELOCITY ROTOR EX 



FIGURE $ 7 . POUR KNIFE LTSDOPTIMUM ADVANCED SlM 
WITH SOLID-SMOOTH LAND 
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FIGURE 91. EFFECT OF FLOW DIRECTION ON OPTIMIZED ADVANCED SEAL PERFORMANCE 



9> , AIRFLOW PARAMETER 

LTSD, LARGE-TO-SMALL DIAMETER FLOW DIRECTION 
STLD, SMALL-TO-LARGE DIAMETER FLOW DIRECTION 



FIGURE 92. EFFECT OF ROTATION ON OPTIMIZED ADVANCED SEAL PERFORMANCE 






TABLE 18. SPECIFIC VALUES OF GEOMETRIC PARAMETERS INVESTIGATED IN 
THE 2D SEAL RIG TO OPTIMIZE ADVANCED SEAL PERFORMANCE 


Land Step Height: 

.305 

cm 

(.120 

in. ) 


.457 

cm 

(.180 

in.) 


.610 

cm 

(.240 

in.) 

Seal Knife Height: 

.203 

cm 

(.080 

in. ) 


.381 

cm 

(.150 

in. ) 


.711 

cm 

(.280 

iu. ) 

Seal Knife Pitch: 

.503 

cm 

(.200 

in.) 


.762 

cm 

(.300 

in.) 


1.016 

cm 

(.400 

in.) 

Seal Knife Angle: 

90° 





70° 





50° 
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TABLE 19. EFFECT OF LAND NOTCH ON ADVANCED SEAL 
PERFORMANCE AT A PRESSURE RATIO OF 2.0 


Land Configuration 

CL, 

cm 

Clearance ^ ^ 
in. 

Full-Notch 

.025 

.010 

Half-Notch 

.025 

.010 

No-Notch 

.025 

.010 

Full-Notch 

.051 

.020 

Half-Notch 

.051 

.020 

No-Notch 

.051 

.020 



.0135 

.177 

.0140 

.184 

.0144 

.190 


From the Baseline 
No Nojch Land 
A 


- / . 
-2.84 
Baseline 


-7.34 

-3.95 

Baseline 


TABLE 20. SUMMARY OF ADVANCED DESIGN LABYRINTH SEAL 

DISCHARGE COEFFICIENTS AT A PRESSURE RATIO OF 2 . 0 


2D Rig 

Seal Configuration 


KN, 

No. of 
Knives 


CL, 

Clearance 
n (in. 


Discharge 

Coefficient* 


Standard Stepped Seal 

4 

.025 

(.010) 

.442 

Advanced Design 

4 

.025 

(.010) 

.401 

Advanced Design 

3 

.025 

(.010) 

.498 

Advanced Design 

2 

.025 

(.010) 

.619 

Standard Stepped Seal 

4 

.051 

(.020) 

.417 

Advanced Design 

4 

.051 

(.020) 

.331 

Advanced Design 

3 

.051 

(.020) 

.414 

Advanced Design 

2 

.051 

(.020) 

.506 


isentropic 

where 4>» Flow Parameter 
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TABLE 21 


SUMMARY OF ROTATIONAL EFFECTS ON ADVANCED SEAL PERFORMANCE 


1 


Distance 

To 

Contact 

9-Airflow Parameter 
kg^T/s * II , 

(lbm nr/sec psia inf) 


♦ . ♦ 


1 



*s 


Land 

Flow 

Direction 

nwm 

20 Ria 

■ns 

90. m/e 
(261. ft 'sec) 

X59.~m7i 

(523. ft /..c) 

239. n/. 

(785. ft/..c) 

Smooth 

LTSD 

.259 

(.102) 

.0134 

(.176) 

.0140 

(.194) 

0.0 

0.0 

-2.2 

Smooth 

STLD 

.268 

(.145) 


.0128 

(.169) 

-3.0 

-4.1 

-5*9 

Abradable 

STLD 

.386 

(.152) 


.0149 

(.196) 

-4.1 ! 

-4.6 

-6.6 

Honeycomb , 

J 

STLD 

L . 

.379 

(.149) 


.0192 

(.252) 

♦ 3.2 

♦ 5.6 

♦ 6.4 


w/Ttt 

♦ B - Static Airflow Parameter, pjjA 

<t> - Airflow Parameter, , for Subject Land 

Pressure Ratio - 2.0 

Radial Clearance ■ .051 cm (.020 in.) 

LTSD - Large -to* Small Diameter 
STLD - Small* to -Large Diameter 


TABLE 22. PERFORMANCE COMPARISON OF ABRADABLE AND HONEYCOMB LANDS 
WITH A SOLID-SMOOTH LAND FOP THE ADVANCED SEAL DESIGN 


Lend 

Flow 

Direction 

Distance 

To 

Contact 

Si 


BTTJBC QflH 

E9E£H|| 



Smooth 

STLD 



Baseline 

Baseline 

Baseline 








Abradable 

STLD 



♦ 14.6 

♦ 15.4 

♦ 15.1 








Honeycomb 

STLD 



♦60.5 

♦64.2 

♦68.2 



Baa 






♦ M - So lid- Smooth Land Airflow Parameter (w/T^/pu A) 
♦ - Airflow Parameter (w/Ty/py A) for Subject Land 

Pressure Ratio - 2.0 

Radial Clearance • .051 cm (.020 in.) 

STLD - Small* to* Large Diameter 
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Non-constant Geometric Parameters Evaluation for Advanced Seal Design . 
As a further endeavor to reduce seal leakage, the effect of varying 
selected major geometric parameters from knlfe-to-knlfe in a 
non-constant fashion through the LTSD advanced seal was experimentally 
investigated on the 2D rig. Previous analytical analysis by DDA had 
shown that lower knife discharge coefficients for a series of 
restrictions could be effected by controlling the individual knife 
pressure ratio to influence the level of internal cavity turbulence. 

The major geometric variables controlling leakage were determined to be 
knife pitch, step height, and knife angle at a design specified 
clearance and DTC. 

Two separate stepped seal envelope lengths were investigated to 
evaluate the merits of non-constant geometry for a four knife advanced 
seal. Total seal envelope lengths evaluated were 3.05 cm (1.20 In.), 
based on an equivalent or average individual knife pitch of .762 cm 
(.300 In.), and 4.06 cm (1.60 in.), based on an equivalent individual 
knife pitch of 1.016 cm (.400 In.). Figure 94 shows a typical example 
of non-constant pitch (Increasing pitch dimensions along the seal 
length) applied to a four knife, 70° angle, advanced seal. Table 23 
summarizes the configurations tested and compares the performance at a 
pressure ratio of 2.0 for each configuration to its constant geometry 
counterpart and to the optimized advanced seal. For particular 
non-constant geometries, the constant geometry counterpart is the 
optimized advanced seal. Also given are the respective geometric 
dimensions along the seal flowpath, noted by number (#1, #2, etc.), the 
locations of which are Illustrated on Figure 94. 

In general, the non-constant geometry configurations demonstrated 
improved performance at .025 cm (.010 In.) clearance with a maximum 
reduction in flow of 6 X compared to the optimized advanced seal. 
However, at .051 cm (.020 in.) clearance, a 2% to 14% Increase in 
leakage was found. 

The best non-constant geometry utilized a 50° knife angle with the 
knife pitch decreasing along the flowpath at a rate for an equivalent 
pitch b 1.016 cm (.400 in.). This configuration indicated an 8% 
reduction In leakage at a clearance of .025 cm (.010 in.) but had a 2% 
Increase at .051 cm (.020 In.) clearance when compared with Its 
constant geometry counterpart at a pressure ratio of 2.0. 

A non-constant configuration with Increasing pitch and step height was 
evaluated with the 50° angle knives. This configuration Indicated an 
8% Increase in leakage at a 2.0 seal pressure ratio compared to its 
constant geometry counterpart at .025 cm (.010 In.) clearance. 
Therefore, the investigation was not pursued with this combination of 
non-constant geometry. 
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The non-constant geometry advanced seal configured with 70° angle 
knives set at increasing pitch demonstrated the greatest Improvement In 
leakage comp k red to its constant geometry counterpart, pitch = 1.016 cm 

(.400 In.). An 11% reduction in leakage at a clearance of .025 cm 

(.010 in.) and a 6 X reduction at .051 cm (.020 in.) was evident at a 

2.0 pressure ratio. Compared to the optimized advanced seal, however, 

it was marginally higher in leakage at .025 cm (.010 in.) clearance and 
5* higher at .051 cm (.020 in.). 

Two configurations with vertical knives (K0 = 90°) at non-constant 
pitch showed leakage reductions at both clearances compared to their 
constant geometry counterparts. The better configuration, equivalent 
pitch = 1.016 cm (.400 in.), indicated a 7% reduction In leakage 
compared to the constant geometry advanced seal. 

Knives of 90°, 700, and 500 angles were assembled with a 
non-constant pitch (knife spacing) for evaluation at an equivalent 
pitch a 1.016 cm (.400 in.). At a seal pressure ratio * 2.0, this 
configuration indicated a 6 X reduction in flow at .025 cm (.010 in.) 
clearance compared to the base constant geometry configuration and 3% 
reduction compared to the optimized advanced seal. At .051 cm (.020 
in.) clearance, however, its leakage was 5% higher than the optimized 
seal . 

The non-constant pitch seals have less allowable axial seal travel than 
their equivalent constant geometry configurations. Varying the stack 
between the seal knives and adjacent steps within the same seal length 
limits the axial travel to the minimum dlstance-to-contact (DTC). The 
axial seal clearance (OTC) has been noted in Table 23 for both constant 
and non-constant geometry configurations for this reason. 

In summary, the mixed knife angle and/or the non-constant pitch seal 
geometries tested indicated improved performance (lower leakage) at 
.025 cm (.010 in.) clearance compared to their constant geometry 
counterparts. However, combining Increasing step height with 
increasing pitch resulted in a performance loss. At .051 cm (.020 In.) 
clearance, leakage decreased for the 70° and 90° knife angle 
configurations, while leakage Increased for the others. Also, none of 
the non-constant geometry configurations showed Improvements at both 
clearances compared to the optimized advanced geometry seal. 
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FIGURE * 4 . NON-CONSTANT PITCH ADVANCED SEAL 
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Rotational Power Absorption 

The relative seal rotational power requirements were measured for all 
3D rig seal configurations as a principal part o* the 3D dynamic rig 
investigative effort. The objective of this eft~.'t was to determine if 
the differences In the power requirements of various seal rotors 
interacting with the land geometry (i.e., smooth, abradable, and 
honeycomb) could, when applied to engine operating environments, yie’d 
seal power requirement variations significant enough to incorporate in 
engine cycle performance accountability. The experimental technique 
utilized to determine the rotational power of the 3D ••►*nl configuration 
is explained in detail in Test Rigs and Procedures.* 

The rotational power absorption data acqu^ed f- a 1 „e$t 
configurations was initially evaluated graphical' in terms of actual 
measured power versus seal pressure ratio with actual seal rotor speed 
as a parameter. As an example. Figure 95 Illustrates the actual seal 
rotor power absorption for the four knife straight-through seal at .051 
cm (.010 in.) clearance and .356 cm (.140 In.) knife pitch with smooth, 
"Abradable A", and honeycomb lands. As noted, the actual power levels 
are in the order of 3.7 kw (5.0 hp) at high seal pressure ratios and 
rotational speeds. This power level consists of the total turbine-seal 
rotor drive system losses (windage, friction, etc.). The differences 
in actual power absorbed by each of the three land surfaces at a given 
pressure ratio and speed does, however, represent the differences in 
parasitic power absorption due to the knifo-land surface interactions 
alone. A more useful representation of the power absorption data for 
engine application purposes Is Illustrated on Figure E-5, Appendix E, 
where corrected (or referred) power (P/6/0 ) is utilized to evaluate 
the performance for the seal configuration. This provides a direct 
relation of seal power absorption to environmental conditions within 
the engine (i.e., seal inlet temperature, inlet pressure, and pressure 
ratio). A computation'' method is presented in Appendix E for applying 
the rotational power absorption data to an engine environment for the 
evaluation of seal designs. The corrected power absorption data for 
the straight-through seals with smooth, abradable, and honeycomb lands 
are plotted In Figures E-l through E-6. Corresponding data for the 
advanced seal are presented in Figure E-7. 

The vertical dotted lines on Figure 95 and Figures E-l through E-7 
encompass the seal pressure ratio renge In which the rotor bearing load 
was maintained at a constant 670 N (150 Ibf). On either s1 h j of this 
range it was not possible to maintain a constant bearing *oad due to 
the rig thrust balance system oesign and the available line pressure. 


*See - 30 Rig Power Absorption Analysis", Test Rigs and Procedure 
section. 
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The rotational power absorption results for the four knife straight 
seal configurations are summarized and compared in Table 24 for the 
.203 cm (.080 in.), .279 cm (.110 in.), and .356 cm (.140 in.) pitch 
seal rotors using the smooth, abradable, and honeycomb lands. The 
rotational power absorption differences due to land material are small, 
typically of the order 5% at .025 cm (.010 in.) radial clearance, 2.0 
seal pressure ratio, and 239 m/s (785 ft/sec) knife tip speed. 

Table 25 summarizes and compares the effect of pitch on the rotational 
power absorption for each land configuration tested. This comparison 
sh-'ws that seal pitch has a small effect on rotational power 
requirements. The total variation due to pitch was 8.5% for the .051 
cm (.020 in.) clearance honeycomb lands, with the lowest pitch rotor 
indicating the lowest power. The combined aerodynamic leakage and 
power absorption test results for the four knife straight seal indicate 
that leakage can be reduced with the honeycomb land, but the rotational 
power absorption is slightly higher. 

Table 26 has been provided to show the change in net system performance 
in terms of specific fuel consumption (SFC). The. use of a honeycomb 
land instead of a smooth land with a conventional four knife 
straight-through seal at .025 cm (.010 in.) and .051 cm (.020 in.) 
radial clearances would provide a net system performance improvement 
which results in a lower SFC. 

The rotational power absorption was also measured during the advanced 
seal configuration tests in both the STLO and the LTSD flow directions 
at .051 cm (.020 in.) clearance. These results, illustrated in Figure 
E-7, show that the rotational power absorption for the advanced seal is 
generally the same in the STLD flow direction and in the LTSD flow 
direction. Comparison of Figure E-7 with Figure E-5 indicates that the 
advanced seals and the straight-through seals experience similar levels 
of rotatio.ial power absorption. 

Table 27 summarizes the advanced seal rotational power absorption 
differences for the smooth, ibradable, and honeycomb lands. The 
honeycomb land seal configuration indicated the highest power 
absorption of the land configurations tested (14% above tne smooth 
land). This is believed to be partially due to the high leakage rates 
evidenced for this configuration. 

Throughout the range of seal design and environments tested, the 
rotational power absorption maintained a consistent trend and level 
with speed. From these results it may be concluded that the rotational 
power absorption of a labyrinth seal is not a significant design 
consideration. 
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TABLE 24. SUMMARY OF ROTATIONAL POWER ABSORPTION FOR SMOOTH, 
ABRADABLE, AND HONEYCOMB LANDS WITH FOUR KNIFE 
STRAIGHT-THROTGH SEAL ROTORS 


Land 

Tvpe 

CL, 

Clear. 

cm 

(in.) 

KP, 

Pitch 

cm 

(in.) 

V, 

Velocity 

m/a 

(ft/sec) 

Seal 

Pressure 

Ratio 

P/6/0, 

Corrected 

Rotational 

Power 

kw 

(ho) 

AP/P, 

Power 

Change 

From 

Smooth 

Land 

1 

Smooth 


.025 

(.010) 

.203 

(.080) 

239 

(785) 

4 


1.150 

(1.542) 

Basel .ne 

"Abradable 

A" 

.025 

(.010) 







1.139 

(1.528) 

0.92 

Honeycomb 


.025 

(.010) 







1.195 

(1.602) 

+ 3.89 

Smooth 


.051 

(.020) 







1.233 

(1.654) 

Baseline 

"Abradable 

A" 

.051 

(.020) 







1.212 

(1.625) 

-1.75 

Honeycomb 


.051 

(.020) 







1.195 

(1.602) 

-3.14 

Smooth 


.025 

(.010) 

.279 

(.110) 





1.148 

(1.540) 

Baseline 

"Abradable 

A M 

.025 

(.010) 







1.180 

(1.583) 

+ 2.79 

Honeycomb 


.025 

(.010) 







1.213 

(1.627) 

+ 5.65 

Smooth 


.051 

(.020) 







1.212 
(1 .625) 

Baseline 

"Abradable 

A M 

.051 

(•020) 







1.226 

(1.644) 

+ 1.17 

Honeycomb 


.051 

(.020) 







1.255 

(1.683) 

+ 3.57 

Sircoth 


.025 

(.010) 

.356 

(.140) 





1.184 

(1.588) 

Baseline 

"Abradable 

A" 

.025 

(.010) 







1.207 

(1.618) 

+1.89 

Honeycomb 


.025 

(.010) 



' 



j 

1.239 

(1.661) 

+ 4.60 

Smooth 


.051 

(.020) 







1.277 

(1.712) 

Baseline 

“Abradable 

A" 

.051 

(.020) 







1.265 

(1.697) 

-0.88 

Honeycomb 


.051 

(.020) 







1.301 

(1.745) 

+ 1.93 
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TABLE 25. COMPARISON OF ROTATIONAL POWER ABSORPTION AS A 

FUNCTION OF CLEARANCE, PITCH, AND LAND SURFACE IN A 
FOUR KNIFE STRAIGHT-THROUGH SEAL 


Land 

Type 

CL, 

Clear. 

cm 
(in. ) 

KP, 
Pitch 
cm 
(in. ) 

V, 

Velocity 

m/ b 

(ft/sec) 

Seal 

Pressure 

Ratio 

P/A, Ml, 

Corrected 

Rotational 

Power 

kw 

(hp) 

AP/P, 

Power 

Change 

From 

Basel ine 
Pitch 

% 


.025 

(.010) 

.203 

(.080) 

2 39 
( 785) 

2. ( 

3 

1.150 

(1.542) 

+0.13 


.025 

(.010) 

.279 

(.110) 





1.148 

(1.540) 

Baseline 


.025 

(.010) 

.356 

(.140) 





1.184 

(1.588) 

+ 3.12 

Smooth 

.051 

(.020) 

.203 

(.080) 





1.233 

(1.654) 

+1.78 


.051 

(.020) 

.279 

(.110) 





1.212 

(1.625) 

Baseline 


.051 

(.020) 

.356 

(.140) 





1.277 

(1.712) 

+ 5.35 

"Abradable A" 

.025 

(.010) 

.203 

(.080) 





1.139 

(1.528) 

-3.47 


.025 

(.010) 

.279 

(.110) 





1.180 

(1.583) 

Baseline 


.025 

(.010) 

.356 

(.140) 





1.207 

(1.618) 

+2.21 

"Abradable A" 

.051 

(.020) 

.203 

(.080) 





1.212 

(1.625) 

-1.16 


.051 

(.020) 

.279 

(.110) 





1.226 

(1.644) 

Baseline 


.051 

(.020) 

.356 

(.140) 





1.265 

(1.697) 

+3.22 

Honeycomb 

.025 

(.010) 

.203 

(.080) 





1.195 

(1.602) 

-1.54 


.025 

(.0)0) 

.279 

(.110) 





1.213 

(1.627) 

Baseline 


.025 

(.010) 

. 356 
(.140) 





1.239 

(1.661) 

+2.09 

Honeycomb 

.051 

(.020) 

.203 

(.080) 





1.195 

(1.602) 

-4.81 


.051 

(.020) 

.279 

(.110) 





1.255 

(1.683) 

Baneline 


.051 

(.020) 

.356 

(.140) 





1.301 

(1.745) 

+ 3.68 

NOTE: The .27 

each ca 

9 cm ( . 1 
Be. 

10 in.) 

pitch is 

used 

for the baseline 

in 


I 4 1 



TABLE 2k. 


SUMMARY Or PERFORMANCE IMPROVEMENT FROM USING A HONEYCOMB LAND INSTEAD OF A SMOOTH 
LAND IN A FOUR KNIFE STRAIGHT SEAL FOR AN ADVANCED HIGH BYPASS PATIO TURBOFAN ENGINE 


Land 

Type 

KP f 

Pitch 

cm 

(in . ) 

CL, 

Clear. 

cm 

Un. ) 

V, 

Velocity 

m/s 

(ft /sec) 

Seal 

Pressure 

Ratio 

- 

ASFC/SFC , 

Change In Specific Fuel Consumption 
From a Solid-Smooth Land - % 

B| 

Seal 

Dower 

Absorption 

Net 

Change 

Per Seal 

Honeycomb 

.20 3 

.051 

239 

2 

0 




1 

(.080) 

(.020) 

(71 

55) 



790 

-.013 

-.803 

Honeycomb 

.279 

.051 





-.850 

+ .015 

-.835 


(.110) 

(.020) 








Honeycomb 

.356 

.051 





- .630 

+ .008 

-.622 


(.140) 

(.020) 
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Engine Cycle Description: Altitude = 10688M (35,000 ft.) 

Mach Number = . 80 

Bypass Ratio * 7.0:1 

Fan Pressure Ratio « 1.7:1 

Overall Pressure Ratio * 38:1 

Burner Outlet Temperature = 1700 k (306Q°R) 


TABLE 27. 


SUMMARY OF ROTATIONAL POWER ABSORPTION 
AND HONEYCOMB LAND USING A FOUR KNIFE 


FOR A SMOOTH , ABRADABLE 
ADVANCED LABYRINTH SEAL 


Land 

Type 

CL, 

Radial 

Clearance 

cm 

(in.) 

V, 

Velocity 

m/ s 

(ft /sec ) 

Seal 

Pressure 

Ratio 

P/6 /0 

Corrected 

Rotational 

Power 

kw 

l h J>i 1 

AP/P j 

Change i 

From i 

Smooth J 

Land 

% 

UJL — 

Smooth 

"Abradable A" 
Honeycomb 

.051 

(.020) 

2 39 . 
(785.) 

2. 

0 

1.23 

(1.648) 

| 1.30 

! (1.74) 

1.40 
(1.874) 

Bate line 

+5.6 
+ 13.7 

— - 
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CONCLUSIONS 


This program experimentally explored labyrinth seal design and 
performance parameters for which technical information was non-existent 
or limited in scope. The primary goals of this program were (1) to 
determine the influence of selected geometric and aerodynamic parameters 
on the performance of labyrinth seals, and (2) to improve and develop an 
advanced labyrinth seal design that significantly reduces leakage. The 
following summary of conclusions derived from the results obtained in 
this program shows that the program goals were achieved in all 
categories. 

o Honeycomb lands were found to reduce leakage up to 24% for 
straight-through labyrinth seals. 

o Honeycomb cell depth was found to be a significant parameter 
influencing the leakage of straight-through seals. 

o Some abradable lands were found to leak substantially more than a 
solid-smooth land. 

o Grooving a porous abradable seal land signific it ly reduced 
leakage through the material. 

o Moderate surface roughness was found to reduce the leakage of 
straight-through seals by approximately 23% over a smooth land at 
.013 cm (.005 in.) clearance and 5% at .051 cm (.020 in.) 
clearance. Greater roughness increased leakage. 

o Rotation reduced leakage up to 10% for smooth and abradable lands 
in straight-through seals, but it had negligible effect with the 
honeycomb land. 

o Rotation effects do not influence the selection of optimum knife 
pitch for straight-through seals. 

o An advanced seal design using a solid-smooth land was developed 
that reduced leakage 26.9% compared to a conventional stepped seal. 

o Using a honeycomb land with the advanced seal increased leakage 
69% compared to the solid-smooth land. 

o Rotation effects on the optimized advanced seal for leakage in the 
large-to-smal 1 diameter flow direction were negligible. 

o Rotation decreased the advanced seal leakage approximately 6% for 
flow in the small -to- large diameter direction for the solid-smooth 
and abradable lands. However, the honeycomb land experienced a 6% 
leakage increase with rotation compared to the static performance. 
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o The rotational power absorption for solid-smooth, abradable, and 
honeycomb lands in a conventional four knife straight-through seal 
showed small differences. The honeycomb land had the maximum 
effect indicating a 6% higher power absorption than the smooth 
land. 

o The rotational power absorption for the advanced seal is 

approximately the same as that for the four knife straight-through 
seal when both have solid-smooth lands. 

o The rotational power absorption for the advanced seal design using 
a honeycomb land is 13% higher than it is with the solid-smooth 
land. 

The results obtained during the course of this program stimulated 
additional questions suggesting the need for further work. Based on the 
results of this program, the following areas of investigation should be 
included in future labyrinth seal performance evaluation programs: 

Conventional Straight-Through Seals 

o Effect of grooving solid material lands 

o Effect of surface roughness on leakage in a rotational environment 

Conventional Stepped Seals 

o Effect of step height and knife height 

o Effect of pitch 

o Effect of axial position on land 

o Effect of honeycomb lands 
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APPENDIX A 


Four Knife Straight-Through Labyrinth 
Seal Flow Parameter Curves from the 2D 
Air Seal Test Rig for Smooth, Abradable 
and Honeycomb Lands 



The labyrinth seal flow parameter curves contained in Appendix A 
were derived from testing accomplished in the Detroit Diesel Allison 
two-dimensional (2D) air seal test rig. 

The static test data from the 2D rig include performance for a solid- 
smooth land, four abradable lands, and three honeycomb cell size lands 
using a conventional four knife straight-through seal. Nickel -graphite 
and aluminum-polyester materials were utilized to represent solid abrad- 
ables, and "Abradable A" and "Abradable B" materials were utilized to 
represent porous abradables. The cell sizes for the honeycomb lands 
were .079 cm (.031 in.), .159 cm (.062 in.), and .318 cm (.125 in.). 

The cell depth was .381 cm (.150 in.). Each land was tested at three 
clearances: .013 cm (.005 in.), .025 cm (.010 in.), and .051 cm ( f 020 in.). 




A- 2 




FIGURE A-l. 2D RIG TEST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH A SOLID- SMOOTH SURFACE LAND 
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FIGURE A -3. ID RlG TEST RESUiTS OF A 4 KNIFE STRAIGHT-THROUGI 
SEAL WITH A SOLID-SMOOln S" or *.CE LAND 








Cl • .013 cm 1.005 in. ) KNIFE: EX 11972 7-402 

KP - ,279cm (.110 in.) LAND: EX123001-1 



FIGURE A-4. 2D RIG TE^T RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH A NICKEL-GRAPHITE SURFACE LAND 










FIGURE A -5. 2D RIG TEST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH A NICKEL-GRAPHITE SURFACE LAND 









FIGURE A -6 2D RIG TEST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH A NICKEL-GRAPHITE SURFACE LAND 









FIGURE A-7. 20 RIG TEST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH A NICKEL-GRAPHITE SURFACE LAND 
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FIGURE A-8 20 RIG HST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH A NICKEL-GRAPHITE SURFACE LAND 




FIGURE A-9. 20 RIG TEST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH AN ALUMINUM-POLYESTER SURFACE LAND 














FIGURE A-U. 2D RIG TEST RESULTS Of A 4 KNIFE STRAIGHT-THROUG: 
SEAL WITH AN ALUMINUM-POLYESTER SURFACE LAND 





KNIFE; EX119727-4Q2 



FIGURE A-12. 20 RIG TEST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH AN "ABRAOABIE A" SURFACE LAND 







FIGURE A-U. ZD RIG TEST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH AN "ABRADABLE A" SURFACE LAND 









A-16 



FIGURE A-14.2DRIG TES'. RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH AN M ABRAOABLE A” SURFACE LAND 



















FIGURE A-18. 20 RIG TEST RESULTS Of A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH A HONEYCOMB SURFACE LAND 








FIGURE A-Hl 2D RIG TEST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH A HONEYCOMB SURFACE LAND 











FIGURE A-2X. 20 RIG TEST RESULTS Of A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH A HONEYCOMB SURFACE LAND 
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FIGURE A -26. 20 RIG TEST RESULTS Of A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH A HONEYCOMB SURFACE LAND 




APPENDIX B 


Four Knife Straight-Through Labyrinth Seai Flow 
Parameter Curves from the 3D Air Seal Test Rig 
for Smooth, Abradable, and Honeycomb Lands 



The labyrinth seal flow parameter curves contained in Appendix B 
were derived from testing accomplished in the Detroit Diesel Allison 
15.2 cm (b.00 in.) diameter dynamic air seal test rig (3D rig). 

The data include 3D rig static and dynamic test results for solid- 
smooth, abradable, and honeycomb lands using a conventional four knife 
straight-through seal design. The "Abradable A M land material repre- 
sented the porous lands. The honeycomb land cell size was .159 cm 
(.062 in.), and the cell depth was .254 cm ( . 1 Of in.). 

Each land was tested with seal knife pitch values of .203 cm (.080 in.), 
.279 cm (.110 in.), and .356 cm (.140 in.). All configurations were 
tested at .025 cm (.010 in.) and .051 cm (.020 in.) radial clearances. 

In addition to the static test, dynamic test." vere run at constant 
rotational speeds equivalent to knife tip velocities of 80 m/s 
(261 ft/sec), 159 m/s (523 ft/sec), and 239 m/s (785 ft/sec). 


B-2 
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FIGURE B-l. 30 RIG TEST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH A SOL ID-SMOOTH SURFACE UNO 










SPEED VELOCITY 

CL* ,®1 cm (.<20 in. I rom m/s ft/sec KNIFE: EX123009 



FIGURE B-2. 30 RIG TEST RESULTS Of A 4 KNIFE STRAIGHT -THROUGF 
SEAL WITH A SOU 0- SMOOTH SURFACE LAND 










FIGURE B-4. 30 RIG TEST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH A SOLID-SMOOTH SURFACE LAND 
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FIGURE B-7. 3D RIG TEST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH AN "ABRADABLE A" SURFACE LAND 









FIGURE B-9. 3D RIG TEST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH AN "ABRADABLE A" SURFACE LAND 
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FIGURE B -12. 30 RIG TEST RESULTS Of A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH AN "ABRADABLE A" SURFACE LAND 




FIGURE 8-11.30 RIG TEST RESULTS Of A * KNIFE STRAIGHT-THROUGH 
SEAL WITH A HONEYCOMB SURFACE LAND 
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FIGURE B-15. 3D RIG TEST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH A HONEYCOMB SURFACE LAND 













FIGURE B-17. 3D RIG TEST RESULTS Of A 4 KNIFE STRAIGHT THROUGH 
SEAL WITH A HONEYCOMB SURFACE LAND 






SPEED VELOCITY 



FIGURE B-18. 3D RIG TEST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH A HONEYCOMB SURFACE LAND 








APPENDIX C 

2D and 3D Rig Test Results of a 
Four Knife Straight Seal with 
Knife Rub Grooves on an "Abradable A" 
Land 





The plots contained in Appendix C illustrate tne seal leakage 
effects due to knife rub grooves in an abradable land. These 
tests were conducted fn the Detroit Diesel Allison 2D and 3D 
air seal test rigs. The test configuration was a four knife 
straight-through labyrinth seal with the following geometry: 


Knife Pitch 

Knife Height 

Knife Angle 

Knife Tip Thickness 

Land Material 

Groove Profile Dimensions 


= .279 cm (.110 in.) 
= .279 cm (.110 in.) 
= 90° (Vertical) 

= .025 cm (.010 in.) 
■’Abradable A” 



NOTE: All knife clearances are based on the distance from the 

knife tip to the non-grooved land surface. 

The following operating parameters were investigated: 

2D Rig : At knife clearances * .013 cm (.005 in.), .025 cm (.010 in.), 
and .051 cm (.020 in.), the following knife-groove axial 
positions were tested: 


1. Knives 

2. Knives 

3. Knives 

4. Knives 

5. Knives 

6. Knives 


directly above the grooves. 
.013 cm (.005 in.) forward of 
.025 cm (.010 in.) forward of 
.013 cm (.005 in.) aft of the 
.025 cm (.010 in.) aft of the 
halfway between the grooves. 


the grooves, 
the grooves, 
grooves . 
grooves. 


02 



3D Rig : At a knife radial clearance = .023 rm (.010 in.), the 

following knife-groove axial positions were tested with 
102° and 360° peripheral land grooves: 

1. Knives directly above the grooves. 

2. Knives .025 cm (.010 in.) forward of the grooves. 

3. Knives .°25 cm (.010 in.) aft of the grooves. 

Knife tip speeds at each condition were: 

V = 0 (static) . 

V = 80 m/s (261 ft/sec). 

V = 159 m/s (523 ft/sec). 

V = 239 m/s (785 ft/sec). 
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FIGURE C-l. 20 RIG TEST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 
SEAL KITH A RUB GROOVED "ABRADABLE A" LAND 
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FIGURE C-4. 2D RIG TEST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH A RUB GROOVED "ABRADABLE A" LAND 









FIGURE C-«. 20 R!G TEST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 

SEAL WITH A RUB GROOVED "ABRADABLE A” LAND 
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FIGURE C-«. 20 RIG TEST RESULTS Of A 4 KNIfE STRAIGHT-THROUGH 

SEAL WITH A RUB GROOVED "ABRADABLE A" LAND 






FIGURE C-9. 2D RIG TEST RESULTS Of A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITh A RUE GROOVED "ABRADABU A" LAND 
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FIGURE C-10. 2D RIG TEST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH A RUB GROOVED "ABRADABLE A" LAND 
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FIGURE C-ll. 2D RIG TEST RESULTS OF A 4 KNIFE STRAI GHT -THROUGH 
SEAL WITH A RUB GROOVED "ABRADABLE A" LANE 







CL -.061 cm (.OH) in.) KNIFE: EX119727-4DE 

KP-. 279 cml.110 in.) LAND: EX123006-2C 



FIGURE C-13. 20 RIG TEST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 

SEAL WITH A RUB GROOVED ’’ABRADABLE A" LAND 














FIGURE C-16. 20 RIG TEST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 

SEAL WITH A RUB GROOVED "ABRADABLE A" LAND 









FIGURE C-17. 20 RIG TEST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 

SEAL WITH A RUB GROOVED "ABRADABLE A" LAND 
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FIGURE C-18. 2D RIG TEST RESULTS OF A 4 KNIFF STRAIGHT-THROUGH 
SEAL WITH A RUB GROOVED ABRADABLE A" LAND 





figure c-ii. zd rig test resultsof a < knife straight-through 

SEAL WITH A RU3 GROOVED “ABRADABLE A" LAND 










FIGURE C-20. JO RIG TEST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH A RUB GROOVED "ABRADABLE A" LAND 









FIGURE C-2I. 30 RIG TEST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 

SEAL WITH A RUB GROOVED "ABRADABLE A" LAND 
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FIGURE C-24. 3D RIG TEST RESULTS Of A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH A RUB GROOVED "ABRADABLE A" LAND 









F IGURE C-25. 30 R IG TEST RESULTS OF A 4 KNIFE STRAIGHT-THROUGH 
SEAL WITH A RUB GROOVED “ABRADABLE A" LAND 









APPENDIX D 


Test Data Correlation for the 2D and 3D 
Seal Rigs. 
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The agreement between test results from the 2D rig and the 3D rig 
was generally good. Figures D-l through D-4 show the rig correlation 
obtained for four knife straight seals with a solid-smooth land and a 
representative honeycomb land at .025 cm (.010 in.) and .051 cm (.020 
in.) clearances. The correlation data for these straight seals are 
summarized in Table D-l. The honeycomb land displays an unusual 
sensitivity to clearance and may be sensitive to the relation between 
the knife tip and honeycomb cell edge orientation. 

Figure D-5 illustrates the 2D rig to 3D rig correlation for the 
advanced seal, which was developed on the 2D rig. This comparison 
shows good agreement at pressure ratios less than about 1.3 and only 
a slight further deterioration beyond about a pressure ratio of 2.0 
to 6.5% variation at a pressure ratio of 3. The correlation data for 
the advanced seal geometry in 2D rig and 3D rig tests are summarized 
in Table D-l, also. 


D-2 




serl pressure wmotpu/pm 






FIGURE 0-2. PERFORMANCE COMPARISON FOR 20 RIG AND 30 RIG AT STATIC CONDITIONS 

4 KNIFE STRAIGHT SEAL WITH SOLID-SMOOTH LAND CLEARANCE ■ .051 cm (.020 in. 
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seat messuae ratio cpu/po) 




FIGURE 0-4. PERFORMANCE COMPARISON FOR ZD RIG AND JO RIG AT STATIC CONDITIONS 

4 KNIFE STRAIGHT SEAL WITH .OK CELL HONEYCOMB LAND CLEARANCE • .061 cm (.(BO in. 




















APPENDIX E 

Power Absorption Curves from 3D Air Seal Rig Tests 
on Four Knife Straight-Through Seals and an Optimized 
Advanced Seal Including an Application Procedure. 
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The labyrinth seal power absorption curves contained in Appendix 
E were derived from testing accomplished in the Detroit Diesel 
Allison IS. 24 cm (6.00 in.) diameter, dynamic air seal test rig 
(3D rig) ♦ 

Rotational power absorption was measured for: 

1. Four knife straight-through seal configurations wiLh 
rotor pitch values of .203 cm (.080 in.), .279 cm 
(.110 in.), and .356 cm (.140 in.) tested with solid- 
smooth, abradable, and honeycomb lands. The "Abradable 
A" porous material was used in the abradable land. The 
honeycomb land cell size was .159 cm (.062 in.), and the 
cell depth was .254 cm (.100 in.). 

All configurations were tested at .025 cm (.010 in.) and 
.051 cm (.020 in.) radial clearances. 

2. An optimized advanced seal configuration was tested with 
solid-smooth, abradable, and honeycomb lands at 3 radial 
clearance of .051 cm (.020 in.). The materials used in 
the stepped land were the same three which were used in 
the straight-through seal configurations. 

Rotor Geometry: 4 Slanted Knives 

Knife Angle * 50° 

Pitch = .762 cm (.300 in.) 

Step Height - .305 cm (.120 in.) 
Knife Height = .381 cm (.150 in.) 



Calculation Procedure for 
Applying Rotational Seal Power 
Absorption Data to Engine Environmental Conditions 


Sample Problem 


Calculate the relative rotational power absorption 
difference between two potential land surfaces for 
a typical seal application in a high bypass ratio 
turbofan engine with an overall compressor pressure 

ratio ’ r coa = 38 • 

Design Assumptions 

Seal Location: First Stage, High Pressure Turbine 

Wheel, Inlet Face. 

Seal Type: Optimized Advanced Seal. 


Potential Land Surfaces: 

o Solid-Smooib ‘.and 
o "Abradable A" Land 

Seal Geometry: Flow Direction * STLD 

Seal Diameter, D^ * 61.5 cm (24.2 In.) 
Clearance, CL « .051 cm (.020 in.) 

Number of Knives, KN * 4 
Pitch, KP - .762 cm (. 00 in.) 

Knife Angle, K0 » 50° 

Knife Height, KH * .381 cm (.150 in.) 

Step Height, SH « .305 cm (.120 in.) 

Seal Operating Environment: 

Seal Inlet Temperature T^ - 940 K (1692°R) 
Seal Inlet Pressure, p^ ■ 3723 kPa (540 psia) 
Seal Pressure Ratio, p^/p^ * A. 7 
Seal Rotational Speed, RPM - 9000 rpm 
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Procedure 


Calculate the 3eal dynamic operating conditions. 


Seal Knife Tip Velocity, 


V 


TT_ D • RPM 

<000 


290. m 
s 


950. ft 
l sec 


Seal Knife Tip Corrected Velocity, 
V 

7T 


= 161. m 526. ft 
s sec 



From Figure E-7 for the STLD optimized advanced seal with a clearance 
of .051 cm (.020 in.) at py/py " on the abcissa and parametric curves 
for a corrected knife tip speed of V//0 » 159 m / 52 3 ft_ \ f read the seal 
rotor corrected power on the ordinate: 8 » sec/ 


Land Material 


P 

670 



* 


"Abradable A" 


.373 kw (.500 hp) 


Sol id-Smooth 


.343 kw (.460 hp) 


*The diameter ratio scales the corrected power parameter to generalize 
the performance between the engine seal, Dg, and the reference 3D rig 
seal , D 8td* The reference seal diameter for the 3D test rig is D st( j * 
15.24 cm (6.00 in.). 



Therefore, the additional corrected power absorbed by an "Abradable A" 
land relative to a solid-smooth land is 


AP ( Dstd 

W [d s 


.030 kw (.040 hp) 


The additional actual power absorbed by an "Abradable A" land in 
the engine seal relative to a solid-smooth land is 


6/0 [ °S 'i 

Ktd I 

= [.03ol 3723 . 1 940. 

L J 101.3 V 288.16 

Therefore, the application of "Abradable A" material to the first 
stage, high pressure turbine wheel front seal will absorb 8.0 kw 
(10.7 hp) more than a solid-smooth land at the design conditions. 

It should be noted that to determine the net system performance, 
the effect of leakage change must also be included. 


Q'.r. . = 8.0 kw (10.7 hp) 

15.24 


AP = 


& [ D std 

6/0 n 
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P/SVF, CORRECTED SEAL ROTOR POWER - 


FIGURE E-1. CORRECTED SEAL ROTOR POWER VERSUS SEAL PRESSURE 
RATIO FOR A FOUR KNIFE STRAIGHT SEAL 



P v /p D , SEAL PRESSURE RATIO 




P/8/0, CORRECTED SEAL ROTOR POWER - kw (hp) 
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FIGURE E-2. CORRECTED SEAL ROTOR POWER VERSUS SEAL PRESSURE 
RATIO FOR A FOUR KNIFE STRAIGHT SEAL 



1.0 2.0 3.0 4.0 


Pu /p D , SEAL PRESSURE RATIO 
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P/^fE CORRECTED SEAL ROTOR POWER - kw (hp) 


FIGURE E-3. CORRECTED SEAL ROTOR POWER VERSUS SEAL PRESSURE 
RATIO FOR A FOUR KNIFE STRAIGHT SEAL 


CL, CLEARANCE = .025 cm (.010 in.) 
KP, KNIFE PITCH = .279 cm (.110 in.) 



Py/PD* SEAL PRESSURE RATIO 








P/s/tf, CORRECTED SEAL ROTOR POWER - kw (hp) 


FIGURE E-5. CORRECTED SEAL ROTOR POWER VERSUS SEAL PRESSURE 
RATIO FOR A FOUR KNIFE STRAIGHT SEAL 


CL, CLEARANCE = .025 cm (.010 in.) 
KP, KNIFE PITCH = .356 cm (.140 in.) 



Pu/PD> SEAL PRESSURE RATIO 
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P/fiJW. CORRECTED SEAL ROTOR POWER - kw (hp) 



FIGURE E-7. CORRECTED SEAL ROTOR POWER VERSUS SEAL PRESSURE 
RATIO FOR THE OPTIMUM ADVANCED SEAL 
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CL, CLEARANCE = .051 cm (.020 in.) 
KP, KNIFE PITCH - .762 cm (.300 in.) 


C3 V^JT, CORRECTED KNIFE TIP SPEED 


239 m/s (785 f* 'seel 



Q LTSD SOLID-SMOOTH 
O STLD SOLID-SMOOTH 
□ STLD .159 cm (.062 in.) CELL 
HONEYCOMB 
O STLD "ABRADABLE A" 


□ 0 

D Ofc 5 OU 

6. S DO <59 m/s (523 ft 'see) 


s ^ 


80 m/s (261 ft see) 


P u/PD' SEAL pressure RATIO 
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APPENDIX F 


Raw Data Test Sheets 



Examples of the computer program outputs from both the 2D rig 
and the 3D rig tests are presented for representative seal con- 
figurations and test conditions. The outputs of the programs 
are organized in the following groups: 

(1) instrumentation readings in analog units. 

(2) test data in standard working units. 

(3) seal leakage performance in parametric form. 

(4) seal power absorption performance test data and 
parameters (for the 3D rig only). 

The raw data from 2D rig testing are in Figures F-l and F-2. Figures 
F-3 and F-4 are examples of 3D rig data at static and dynamic test 
conditions. 
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FIGURE F-1. ID SEAL RIG DATA FOR THE 4 KNIFE STRAIGHT SEAL WITH A 
SOLID-SMOOTH LAND AT .013 cm (.005 In.) CLEARANCE 
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FIGURE F-2. 2D SEAL RIG DATA FOR THE 4 KNIFE STRAIGHT SEAL WITH A 
SOLID-SMOOTH LAND AT .051 cm (.020 In.) CLEARANCE 


• » 


F-4 


3-D SEAL RIG OATA 

SEAL" CONF~l 82 A~F OuR~KN JFE STAiGHf SEAL - SMOOTH LAND 
ROTOR EX12SO0A LANDS T619266 DATES U8/0S'77 

CL=.010,K=04,R=,110,KH=.110,SH=0 . AFlO = 90 ,DTC = 0 , DIR. = 1.1 

Input 'Data 


1LST SEQUENCE K'C 

— aAUGMElRlC -PRESSURE. --- 

OR I F A C e INLET PRt SEUR e- ” - — 

orifice Outlet pressure--- — 

SEAL INLET PhLSGL-vE 

-SE4U OUILLI FR S 5 3 U - L" - - - - - - - - - - - - 

UHIFICE INLET TL-PtHAIURt 

SEAL InLET TLRPL RATuKl-- 

DIAMETER OF OH IF I CF 


— SEAL tlOIUii- iiltlAl lONAL-SPEEL"- 

AVERAGE KNIFE (.'IaFETEH (POTaTIK©) 

average stator Diameter-*- 


Ml 1 hhu 


2^. ** 

11) HG 


S k.HH 

, v iV GAGE 



MV C>. GE 


2H.37 

MV GAGE 


d.22 

% ‘V GAGE 


73.00 

ULGFt tS 

F 

72.0b 

ULGRttS 

F 

U.Sbb 

IF.'LHl S 


C. 

KpM 


6.00J 

1M.I:LS 


6.02:3 

li.LI l S 



KNIFE DIAMIItHS IHOTAJINGi 
KNIFE 01 A MET L Hi' (SI 'i TIC) 
CLEARANCE 


6.UVJ 6*00,1. b.UUo 

«* . t! U 3 f . 0 G 3 b . I i 0 J 

6.0,23 t.023 b,|i>2 


F . U J 3 

t> . 0 L 3 

F.02 3 


OUTPUT Util. 


barometric pressure---* m.HO f:,u 

ORIFUf inlet pressure 3o.63 PSIA 

-. OR I F IC E . 0 utLE 4 PRESS URE-. ......... tt fc.AB _PS1A 

ORIFICE DELTA PRESSURE — 11.97 PSI 

SEAL INLET PRESSUHt A 7.^0 PS J A 

SEAL OUTLtT PRf.SSUHl lA,79 PSJl 

. SEAL UElXA I- k Is s u k E - - - - - - 23.-1 PSI 

OHTFICE lNEi T Tt’AFti-. ATURE- ..... 332.69 DEGREES F. 

SFIAL INLET TempFRATuKe 331, {,9 DEGREES A 

ORIFICE AREA 0.19b SU IN 

.. £H IF I LE> LO t - - - - - - — a, 1393 Ld/SEC 

seal pressu-l r-ttto — - — 2. 5331 

AVG. KNIFE VELOCITY ..... 0.0 FT/S^c 

- fiDTAT INli . _ _ . 

knife stator seal Teal Tlow flow 

CIA.' DIA. CLEARANCE AKtA PARAMETER PARAMETER 

INCHES INCHES INCHES SO IN WAT/P* WRT/P 

— f .0030 - .. 6.1)230. „ C . Cil LU 0,1.’3.9 0*A576?0 0.0675*3 

b.0030 6.0230 f.ciou 0, J57f>2d 0,007333 

b. 7030 6 , 0230 0,0100 0.1-99 0. .437620 0 . 0*7533 

6.0030 6.023" 0.0100 C.16M9 0.337620 0,067533 

“values' calculatecT usTng - avcraS^ diame t eAs 

6 .00 3 0 6 . 02^0 O.OlOO 0.xT©9 0.337597 0.J67553 



0 . 45 b luH 
U.5R1599 
0,653277 
0 ,©93546 


0,716353 


FIGURE F-3. 3D SEAL RIG DATA FOR THE 4 KNIFE STRAIGHT SEAL WITH A 
S OLID- SMOOTH UNO AT . 025 cm <.010 In.) CLEARANCE 
' (o). STATIC 'CONDITIONS 


ORIGINAL PAGE IC- 
OE POOR QUALITY 



3-L» St AL L. /. 1 t 

lfi2A Fo ^ R KNIH STM6M - SMOOTH LAND 

^OTOK 6X12300* LANDS Tei*266 DATE: U8/H5/77 

CL = .01fJ,K-'J4-,P=. 1 l 0,«H=. 110 ,Snro AN6-90 « DTC = 0 ,DIR.-BI 


I' K»T 


• I A 


TtST StaofNCl AO. 

M ArtU^L. J rt I C PhLSGUPL 

0 R f F 1 L E INlET PRtSS-jRt-- — 
UKIFIC- nuTLt T PK'CS VIHL -* 
SEaL I'JLlT FKLSslMt. 


6EaL OUTLET -FKESLJPE-- 

oajf i C l i TtfrJ*- >i a rjut — — 

St A L IfLtT 

D I APE T f H OF ORIFJCl 

seal <QTU* huaU.'ul 5peel- 

i.VtKAot Ki'.Iht. OI/V TLr |RCTfc1I\cJ 

AvLpAt* SlATCtk L'JA'EKN 


331 ThHU 
-29.3* 

i*5.94 
IV. 95 
^0.43 
. 2 . 1 * 
77.00 
81 . 01 ! 
O.fOO 
30255. 

6. Ul'4 

6.023 


340 

tu? 

r,t 

6' 

bi 
it 
P I 


K j r K !► 

*\llhfc P 1 FnE I t F S 
ClEak A)CE 


(^OTATlr.Gj 

( < r a T i c ) 


_>..CU14 . b 

6 . J U 3 6 . u l 3 6 

E.U23 L.023 6 


J . i **t 
1 1 

a M lit 

# M t» 4 
. Ml 3 

• U ‘A b 


f*t 
*>F 
C>t 
OE 
c S 
r.S 


F , 11*14 

*“ . u r 3 

i j . 02 3 


LUPU lAU. 


TP IC pPeSSl RE- 

ORIFICE il^'LLT FflFTSuSE 

- I - ; C r . C U r LLI EitES SUKL - - - - - 
*'«U-iCF L'UU PPtSSllHt ••- 

3EAL I PILL T PRESSURE 

Sf.ftL CUTLt T FKF Si U^E 

St AC DELIA PHESIC^l 

L'UFICL I* Lt 1 TtFPfcRArjHL 

i>tAL I L t. I It^FLHfTU'a 

CHfFlCt aKEa---------------- 

tR.IFICE FLOl - 

btAL P P L 5 S U r* E PATIO -- 

cvn. KNIFE velocity 

rotating 

KfjlPE 
DI A. 

I MCHtS 
b.nom . 

6.0041 
6.01*41 
6.9‘J'M 


14.^0 PSlA 
49. YH PS I A 
-4L*£ft_ PS1 A 


17.37 
_ 2**.efc 

0.196 
0.1074 


PSi 

PSI A 
F $ I A 
PSI 

l/t bKt t i> 
ULbRt tS 
SC Jtl 
IH/lLC 


2.4310 
792.6 M/StC 


STATOR 

DU. 

Ih'tHtS 


SEAL 
CLEARANCE 

X M i » 4 1 s 


IKC Htb I Hi (It 6 

-.5.0230.. JltfilYb 

n.U230 0 . LlO 95 


b . l ? 5 r 
. u 3 u 


O.UOSS 

:).009S 


SEAL ' PLOW 

area parameter 

so in Brt/pa 

O^.ilSP 0,330463 

u.JTfu U. 530469 
r. 1790 U, 330465 
I.179Q U.33U469 


► LOW 

parameter 
WRT/ p 
0.059145 
U.oS9l45 
C . uS9l4t* 

0 .0591 4S 


DI 


»IgCHAH6E 

‘‘.441505 
0 t Sl$P2 f i 
0.556Q1 1 

u.577?o« 


V aL'JeS' caLcuI'aI ED llSlNlT ’'AVt* m^~iJTaHCTEnS 

6.0040 O.0230 U.C095 0.1750 0.^304^ 


0.00914V 0. 580672 


" 3-D DYNAMIC” RTF ^5EAL" W O r OR^DKSEPOWEK UH30RPT 1 ON DATA 

i NP U I C4TA 


TURgr ORE ~lT4Err"P F E S SOFtE’--- = - — * — 

1URB ORF OUTLET PPtSSlHt 

TURB ORF InlET Ttpprhf.TLHt 

JURB N O/2 LE INCET PHtSS^Ffin 

TURS NOTLE“ircn"m'S9'Lktl*!--“ 
TUR0 NOZZLE I NLt T TrMPC P ATUPt 

tu«8 Exit ^rf^si.ixM i ) ----------- 

TUR^CAIJ PKESS'ii' *M2I 

Turr exit tempera t ure - - 

TURBINE RO'.ATIONAL SPEED-- 


52.49 

78.50 


_ _CUTPU I J_AU 


TURP 

IUR 


ORF 

ORF 


P / P- 


Dt-LT> 

< KSI-EK i :i HE Hli-- 

1JRB N07/LE oei SPEED - C. 

BLftUl - JET ^Pl.ED RATIO-- 

T p« «UE COEPF LC.1EN T-. -------- — 

1URB1-1 EFFICIENCY ----- 

HORSEPOWER ABSORPTION 
CORP. HP ABSORPTION . HP/ 1 OEL T A.R t'T I ) 
C0RR t J1P_P-- - “ 


m .5R 

iS:!t 

30370. 


olooi 

«3ll!5 5 

1309.40 

0.&35 

-3:f3 5 - 

4.616 
42 

82 




PS 1 A 
PSI A 
UEG.t 
PS I A 
p.^i a 

LlL b . F 

P V M 
PS i A 
ULL.I 
RPH 


Lei/ Si L 

FT/SLL 
F t/SLC 


PEHCiuT 

M P 
HP 

UiVI.* .. 


FIGURE F-3 (b). DYNAMIC CONDITIONS, 30000 RPM 


F- 6 


3-0 seal rig data 


SEAL CONE. 2068 
ROTOR EXl 2M 
CL-.020*K=D4 


068 FOUR KN'FE STEPPfO SEAL - SMOOTH L 
80 LANDS £ X 1 241 81 DATE: 11/ 

, P-.3 00fKH=,l60tSH=.120»ANG-50.0TC=.lO 


AND 

4/7/ 


I fO DID _ I T rn 


INPUT DATA 


TEST SEQUENCE NO. 

BAROMETRIC PRESSURE 

ORIFICE INLET PRESSURE 

ORIFICE OUTLET PRESSURE 

SEAL INLET PRESSURE 

SEAL OUTLET PRESSURE 

0RIF1CF INLET VFMPERATURE 

SEAL INLET TEMPERATURE 

OlAMETER OF ORIFICE 

SEAL ROTOR ROTATIONAL SPEED — 

AVERAGE KNIFE DIAMETER (ROTATING) 

AVERAGE STATOR DIAMETER 


101 THRU 110 
29.45 IN HG 
38.23 MV GAGE 
27.78 MV GAGE 
28.67 MV GAGE 
1.21 MV GAGE 

72.00 DEGREES f 

71.00 DEGREES F 
0.500 INCHES 

0. RPM 
5.644 INCHES 
5.683 INCHES 


KNIFE DIAMETERS (ROTATING) 6.005 
KNIFE DIAMETERS (STATIC) 6.005 
CLEARANCE 6.042 


OUTPUT DATA 

BAROMETRIC PRESSURE 

ORIFICE INLET PRESSURE 

ORIFICE OUTLET PRESSURE — 

ORIFICE DELTA PRESSURE 

SEAL INLET PRESSURE 

SEAL OUTLET PRESSURE— — 

SEAL DELTA PRESSURE 

ORIFICE INLET TC sipera TURF 

SEAL INLET TEMPERATURE 

ORIFICE AREA 

ORIFICE OW 

SEAL PRE:._URF RATIO 

AVG. KNIFE VELOCITY 


5.764 

5.524 

5.284 

5. 764 

5. 524 

5.284 

5.803 

5.564 

5.323 


14.46 

psr a 


66.54 

PSIA 


52.31 

PSIA 


14.24 

PS! 


53.52 

PSIA 


16. 1 1 

PSIA 


37*41 

PSI 


531.69 

DEGREES 

R 

530.69 

DEGREES 

R 

0.196 

SO IN 



s 0. 1617 LB/SEC 
3.3217 

0.0 FT/SEC 


KNIFE 

STATOR 

SEAL 

SEAL 

FLOW 

FIOM 

DISCHARGE 

DI A. 

P IA. 

CLEARANCE 

AREA 

PARAMETER 

PARAMETER 

COEFF. 

INCHES 

INCHES 

INCHES 

SO IN — 

WRT/PA 

WRT/P 


6.0048 

6.0425 

0.0188 

0.3567 

0.195154 

0.069613 

0.212362 

5.7638 

5.8032 

0. 0197 

0.3579 

0. 194481 

0.069613 

0* 2 1 1629 

5. 5242 

5. 5638 

0*0198 

0*3448 

0.201868 

0.069613 

0.219668 

5-2841 

5.3225 

0.0192 

0.3199 ~ 

0.217622 

0.069613 

0.236810 

VALUES i 
5.6442 

CALCULATED 

5.6830 

USING AVERAGE 01 AMETERS 
0.0194 0.3450 0.201798 

0.069613 

0.219591 


FIGURE F-4. 3D SEAL RIG DATA tOR THE 4 KNIFE ADVANCED SEAL WITH A 
SOLID-SMOOTH LAND AT .051 cm (.020 In.) CLEARANCE 

(a). STATIC CONDITIONS 
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ORIGINAL' PAGE IS 
Qfi EGOR QUALITY 



3-0 SEAL RIG DATA 


SEAL CONE. 206* FOUR KNIFE STEPPED SFAL - S MOOT H LAND 
POTflP PX1241RO LANDS EX 124191 DATE* 11/ 4/77 

CL-.Q20*K-J4» P= • 3 JO » KH= . 150, SH^. I 20 # ANG= 5 0, 0 TC = . 102 . 0 I R . =1 T $D 


INPUT DATA 

TEST SEQUENCE NO. 

BAROMETRIC PRESSURE 

ORIFICE INLET PRESSURF 

ORIFICE OUTLET PRESSURE 

SFAL TNLET PRESSURE 

SFAL OUTLET PRESSURE 

ORIFICE INLET TEMPERATURE — 

SEAL INLET TEMPERATURE 

DIAMETER OF ORIFICE 

SEAL ROTOR ROTATIONAL SPEED 

AVERAGE KNIFE DIAMETER (Pf)TATlNGI 

AVERAGE STATOR DIAMETER 


KNIFE OIAMETERS {ROTATING! 
KNIFE DIAMETERS (STATIC) 
CLEARANCE 

OUTPUT DATA 

BAROMETRIC PRESSURE 

HR IF ICE INLET PRESSURE 

ORIFICE OUTLET PRESSURE 

ORIFICE DELTA PRESSURE 

SEAL INLET PRESSURE 

SEAL OUTLET PRESSURE 

SEAL DELTA PRESSURE 

ORIFICE INLET TEMPERATURE- 

SEAL INLET TEMPERATURE 

ORIFICE AREA 

ORIFICE FLOW 

SEAL PRESSURE RATIO 

AVG. KNIFE VELOCITY 


6. 006 
6.005 
6.042 


ROT AT ING 
KNIFE 
0 I A« 
INCHES 
6.0058 
5. 7647 
5. 5250 
5.2848 


ST ATOR 
01 A. 
INCHES 
6.0425 
5.8032 
5.5638 
5. 3225 


SEAL 

CLEARANCE 

INCHES 

0.0183 

0.0192 

0*0194 

0.0189 


SEAL 
AREA 
SQ IN 
0. 3470 
0.3497 
0.3379 
0.3141 


401 THRU 410 


29.45 
36.65 
27 . 3 ^ 
28.14 
1.14 
73.50 
76.00 
0.500 
29841 . 
5.645 
5.603 


IN 

MV 

MV 

MV 

MV 


HG 

GAGE 
GAGE 
CAGE 
GAGE 
DEGREES 
DEGREES 
INCHES 
RPM 

INCHES 

INCHES 


5. 765 

5.525 5.285 

5.764 

5.524 5.284 

5.803 

5.5o** 5.323 

14.46 

PS IA 

64.66 

PSIA 

51.75 

PSIA 

12.91 

PSI 

52.80 

PSIA 

16.02 

PSIA 

36.78 

PSI 

533.19 

DEGREES R 

535.09 

DEGREES R 

0.196 

■ SQ IN 


0.1522 

3.2964 


LB/SEC 


735.0 ET/SEC 


FLOW 

PARAMETER 
WR T /PA 
0. 192223 
0. 190748 
0.197411 
0.212393 


FLOW 

PARAMETER 

WRT/P 

0.066709 

0.066709 

0.066709 

0.066709 


DI SCHARofe 
COEFF. 

0.209519 

0.207910 

0.215173 

0.231503 


VALUES CALCULATED USING AVERAGE OIAMETERS 


5.6451 5.6830 0.0190 0.33/4 0.197741 0.066709 0.215533 


3-D DYNAMIC RIG SEAL ROTOR HORSEPOWER ABSORPTIUN DATA 
INPUT DATA 

TUR0 ORE INLET PRESSURE— 61.33 PSIA 

T UP 0 ORF OUTLET PRESSURE 54..; 2 PS I A 

TUPB ORF INLET TEMPERATURE 7<».0g 

TURB NOZZLE INLET PRESSURECl) ^ J ? 

TURB NOZZLE INLET PR FSSUKE ( 2 ) 44.80 PSIA 

TURB NOZZLE INLET TEMPERATURE 74.90 3§9: F 

TURB EXIT PRESSURE ( 1 I l4 *H £5!* 

TURB EXIT PRESSURE { 2 ) > f* - S 2 £S1A 

T UR 8 EXIT TEMPERATURE 64.00 OEG.F 

TURBINE POT AT ION At SPEED 29878. RPM 

OUTPUT DATA 

TURB ORE DELTA P / P 0. Ill |Q ._ cr 

TURB ORF FLOW 0.849 LB/SEC 

TURB PRFSSURE RATIO 3*9*0 CT/C cr 

TURB RLAOE SPFED - U 8 18 - IT FT/SEC 

TURB NOZZLE JET SPEED - C* 1322.70 FT/SEC 

BLADE- JET SPEED RATIO 0.619 

TORQUE COEFFICIENT 0.055 

TURBINE EFFICIENCY 0. 14 PERCENT 

HORSEPOWER ABSORPTION 5.704 HP 

CORR. HP ADSORPTION - HP/ I DEL T A*R{ T l ) 1.562 HP 

CORR. hr PER UNIT SEAL C I R CUMF ER ENC E- O.Oflfl HP/IN 


Figure f -4 (b). dynamic conditions, 30000 rpm 
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APPENDIX G 


Notes from the Test Log on the Subject of 
Acoustical Noise Generated by Specific 
Labyrinth Seals 


V ,\C.V. ® 


The testing of certain four knife straight seals in the 2D rig 
produced acoustic phenomena. 

During testing of the "Abradable A" and "Abradable B" lands, a 
step change in the sound intensity of the leakage air was noticed 
as seal pressure ratio was increased beyond a characteristic value. 

The point at which the sound step change occurred was a function of 
the clearance, pressure ratio, and land material. No change in the 
seal leakage (flow parameter characteristic) was detected. After 
the sound step (upward) occurred, it remained at the higher level to 
the maximum pressure ratio tested. When these acoustic phenomena 
were encountered during a test, several check points of data were 
taken as the pressure ratio was reduced. As the seal inlet pressure 
decreased, the leakage air acoustics experienced a step down in level 
but not necessarily at the same pressure ratio for which the sound 
stepped up. The phenomena were repeatable. The solid-smooth, nickel- 
graphite, and aluminum-polyester lands did not demonstrate the sound 
step change. A summary of the acoustic step observations is presented 
in Table G-l. 

The honeycomb land tests produced an acoustic phenomenon of different 
characteristics. Unlike the acoustics associated with the abradable 
tests in which a step change in noise level occurred, the .079 cm 
(.031 in.) cell honeycomb land produced a continue ^ increase to a 
high noise intensity with increasing pressure ratio. Although 
sound measurements were not taken, the .079 cm (.031 in.) honeycomb 
at .051 cm (.020 in.) clearance produced a noise level which was 
several times the nominal loudness experienced at .013 cm (.005 in.) 
and .025 cm (.010 in.) clearances. The sound levels associated with 
the .159 cm (.062 in.) and .318 cm (.125 in.) cell honeycombs were 
of the same order as the typical sound levels experienced with the 
.079 cm (.031 in.) cell honeycomb at .013 cm (.005 in.) and .025 cm 
(.010 in.) clearances. Cursory analysis of the .381 cm (.150 in.) 
deep honeycomb test results indicated a possible correlation of the 
phenomenon with a 1/4 wave resonance tube effect. However, when 
cell depth was reduced by wax filling the honeycomb lands for 
subsequent tests, no acoustical noise of equivalent soMnd intensity 
was noticed during these runs. The possible effects n ix meniscus 
and compliance in the honeycomb cell is not known. 

None of these acoustical phenomena were noted during similar tests 
on the 3D rig. Background noise level is considerably higher on 
the 3D rig and could have obscured the seal leakage acoustics. 

Acoustic phenomena are of concern relative to engine applications 
since fatigue failure of the seal knives could result from aero- 
dynamically Induced vibration. 
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TABLE G- 


SUMMARY OF ABRADABLE LAND NOISE LEVEL VARIATIONS 
NOTED DURING TEST CALIBRATIONS 


TYPE 

LAND 


"Abradable A 1 


"Abradable B" 


"Abradable B" 


SEAL 

CLEARANCE 
cm (in.) 

OPERATING 
MODE OF 
SEAL INLET 
PRESS, P[J 

CHANGE NOTED 
IN NOISE LEVEL 

SEAL INLET 
PRESSURE c. 
NOISE LEVEL 
SHIFT 

kPo (psla) 

SEAL PRESSURE 
RATIO ^ NOISE 
LEVEL SHIFT 

.013 

(0.005) 

Increasing 

Step Change to 
Higher Noise 
Level 

440.1 

(63.83) 

4.41 

.013 

(0.005) 

Pjj Decreasing 

Step Change to 
Lower Noise 
Level 

250.5 

(36.33) 

2.51 

.025 

(0.010 

Increasing 

Step Change to 
Higher Noise 
Level 

557.6 

(80.87) 

5.61 

.025 

(0.010) 

p^ Decreasing 

Step Change to 
Lower Noise 
Level 

142.2 

(20.62) 

1.43 

.013 

(0.005) 

Increasing 

Step Change to 
Higher Noise 
Level 

303.0 

(43.94) 

3.03 

.013 

(0.005) 

Py Decreasing 

Step Change to 
Lower Noise 
Level 

140.2 

(20.33) 

1 .40 
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SYMBOL 

Symbols 

DEFINITION 

UNITS 



SI Metric 

Engl isb 

A 

Flow area between the seal knives 
and land 

2 

cm 

2 

i n . ^ 

c d 

Seal discharge coefficient 

- 

- 

CL 

Clearance between seal knives and 
Land 

i m 

in. 

c 

p 

Specific heat at constant pressure 

-J/kg • K 

bLu/lb °l 

ill 

C* 

Maximum jet (spouting) velocity 

in/s 

ft /sec 

d t 

Turbxne tip diameter 

cm 

1 n . 

DTC 

Distance-to-contact :axial clearance 
between knife and land, undefined for 
constant height straight-through seals 

cm 

i n . 

g 

Standard gravitational acceleration mass 
conversion factor 

kg • m/N * 

2 } 
s 11) ! i / 1 h .sei ** 
in f 

KH 

Knife height 

cm 

f n . 

KN 

Number of knives 

— 


KP 

Knife pitch 

cm 

i n . 

KT 

Knife tip thickness 

cm 

in. 

K0 

Kni. c e angle 

deg, u 

d« K ,° 

LTSD 

Leakage flow direction from the large- 
to-small seal diameter 

— — 

— 

P 

Seal rotor power absorption 

kw 

lip 

P D 

Seal plenum downstream pressure 

kPa 

ps id 

p u 

Seal plenum upstream pressure 

kPa 

psia 

P SOD 

Seal orifice downstream pressure 

kPa 

ps< a 

P SOU 

Seal orifice upstream pressure 

kPa 

ps la 

P TD 

Seal drive turbine exit plenum pressure 

kPa 

psia 

H 

O. 

Seal drive turbine inlet plenum pressure 

kPa 

psia 

P TOD 

Seal drive turbine orifice downstream 
pressure 

kPa 

psia 
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SYMBOL 

DEFINITION 

UNITS 

SI Metric English 

P TOU 

Seal drive turbine orifice upstream 
pressure 

kPa 

psia 

R 

RMS 

RPM 

Gas constant 
Root mean square 

Rotational speed, angular velocity 

kJ/kg • K 
rpm 

lb f ft 
lb~ °R 

tfi 

rpm 

SH 

Step height 

cm 

in. 

SFC 

Engine thrust specific fuel consumption 

N • s 

lb m 

iDf sec 

STLD 

Leakage flow direction from the small- 
to-large seal diameter 

— 

~ — 

t 

Turbine rotor stall torque 

N • cm 

in lb f 

/T 

Square root of temperature 

K* 5 

°R' i 

T 

U 

Seal upstream plenum temperature 

K 

°R 

T 

"TD 

Seal drive turbine exit plenum 
temperature 

K 

°K 

T 

TU 

Seal drive turbine inlet plenum 
temperature 

K 

°R 

T 

SOU 

Seal orifice tube upstream temperature 

K 

°R 

i TOU 

Turbine orifice tube upstream 
temperature 

K 

°R 

u 

Turbine blade tip speed 

m/ s 

ft/ sec 

V 

Seal knife tip speed 

m/s 

ft /sec 

w 

Seal airflow rate 

kg/s 

lb /sec 
m 

w 

T 

Turbine airflow rate 

kg/s 

lb /sec 
m 

Y 

Specific heat ratio 

— 


6 

Pressure/base (std) pressure 

— 

— 

n T 

Turbine adiabatic efficiency 

— 

— 

0 

Temperature/base ( std) temperature 

— 

— 

7T 

Conventional transcendental number, 
ratio of circular circumference to 
diameter 



T 

Turbine torque coefficient 

— 

— 

v/Tu 

“ TTT“ 
P U 

Airflow parameter 

kg • K* 5 
N • s 

ib„ 

lbf sec 

LLL 

JLUUU. .QUALITY 


H-3 



SEAL NOMENCLATURE 




